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Abstract
Within four to seven years, electricity generated from solar cells will cost less than
grid electricity, making it the cleanest, cheapest, and most abundant energy source
on the planet. The rise of solar energy, however, could come to an untimely end
if current solar cell technologies fail to meet the staggering manufacturing volumes
needed to sustain current growth rates. Nanostructured donor/acceptor photovoltaics
utilizing small molecule organics or conjugated polymers offer processing advan-
tages that might enable high-throughput, large-area production. However, power
conversion efficiencies of these structures have remained low, due in large part to
low open-circuit voltages (VOC). Using printing methods, we deposit a layer of col-
loidal cadmium selenide (CdSe) quantum dots (QDs) onto a wide band-gap organic
hole-transporting thin film of N,N′-bis(3-methylphenyl)-N,N′-bis-(phenyl)-9,9-spiro-
biuorene (spiro-TPD) in order to form a unique planar heterojunction photovoltaic
device. This structure is found to produce much higher VOC than previously predicted
for donor/acceptor heterojunction photovoltaics. Absorption and charge generation
occur primarily in the QD layer and indium tin oxide (ITO) provides the top contact,
allowing for exceptional device stability and full transparency below the QD bandgap
of 2.0 eV. Overall power conversion efficiencies remain low at 0.03% because only a
small percentage of the incident light is absorbed (4% at the first QD excitonic peak
of 2.1 eV) and fill factors are near 0.4, yet VOC is 1.3V. The high VOC is remark-
able for an architecture with symmetric electrodes and exceeds the offset between the
highest occupied molecular orbital (HOMO) of the acceptor (near 5.2 eV) and the
lowest unoccupied molecular (LUMO) orbital of the QDs (near 4.6 eV). The inter-
nal quantum efficiency (IQE) exhibits a strong dependence on QD film thickness and
reaches a maximum of 30% at a thickness of 3-4 monolayers, indicating that transport
losses dominate photocurrent generation for QD thicknesses above 4-5 monolayers.
From the bias-dependence of quantum efficiency, we identify an intensity-independent
compensation voltage V0 of 1.5 V that represents the maximum attainable VOC . Inves-
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tigation of the bias-dependence of the photocurrent decay transients identifies charge
diffusion as the dominant mechanism responsible for photocurrent generation and re-
veals a vast discrepancy between the time constant associated with charge extraction
(0.6 µs, measured at 0V) and that of recombination (0.4 ms, measured at 2 V). An
alternative model for VOC is presented that considers the dark current in forward bias
as the critical mechanism determining VOC . We conclude that suppression of recom-
bination across the spiro-TPD heterojunction interface forces recombination to occur
predominantly in the QD film. Electroluminescence from the QD layer confirms that
hole injection from spiro-TPD into the QD layer and recombination in the QD layer
is, in part, responsible for current flow in forward bias. Because the device architec-
ture is straightforward and the fabrication techniques are simple, QD tandem cells
are easily attained, furthering the prospect for high conversion efficiencies coupled
with the potential for scaleable manufacturability.
Thesis Supervisor: Vladimir Bulovic´
Title: Associate Professor of Electrical Engineering
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A viable way of generating electricity from sunlight – one that is low cost, highly
efficient, scalable and reliable – could be an important foundation for the realization
of a sustainable human society and the recovery of the world’s ecosystems. This
thesis falls short of delivering that goal, but does arrive at a number of important
conclusions that, I hope, will play a major role in developing solar photovoltaics to
the point where they become a significant source of electricity. My intention is that
this work provides a clear and discerning guide to a host of critical issues facing
the field of donor/acceptor photovoltaics, most importantly the origin of open-circuit
voltage, the benefit of employing colloidal quantum-dot semiconductors and the merit
of pursuing tandem photovoltaic structures.
In this chapter, we introduce the research field of donor/acceptor photovoltaics
and provide a brief survey of device architectures and performance characteristics.
We identify the low open-circuit voltage generated by these cells as a major cause of
subpar efficiency. We briefly introduce colloidal quantum dots and organic semicon-
ductors and present a new device design that, we believe, has the potential to meet
the demanding efficiency requirements necessary for commercial viability.
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1.1 Introduction to solar photovoltaics
Photovoltaic devices are one of the most widely used electronic devices of the digital
age, constituting the critical component of imaging arrays in digital cameras, high-
speed detectors in optical communications, sensors in a television’s remote control
and even the motion detection system in your optical mouse. With each application,
the physical requirements differ, as do performance needs and economic considera-
tions. This thesis addresses the extraordinarily difficult challenges posed by one as
yet underdeveloped application - solar electricity generation.
A solar photovoltaic installation is comprised of many components, including solar
panels (also called modules, pictured in Figure 1-1), electrical wiring, aluminum sup-
port structures (racking), junction boxes and an inverter. Here, we study the portion
of a photovoltaic module that consists of a semiconductor device (also called a solar
cell) responsible for the actual conversion of light energy into electricity. Typically,
20 to 100 photovoltaic cells are connected in series in order to form a module. The
area of each individual cell determines the electrical current output of the module







Figure 1-1: Images of vertically and horizontally scribed photovoltaic modules. Each
photovoltaic cell, which usually generates ∼0.5 V, is connected in series in order to
form a module with an output voltage of 30 V to 60 V.
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1.1.1 Can we live off of solar energy?
We begin in Chapter 2 by asking a question that is seldom answered correctly:
Could solar energy ever supply enough power to significantly impact en-
ergy production without destroying pre-existing open space or arable
land?
From an analysis of the scale of energy demand in the US and the potential solar
resource available from sunlight incident on land area that has already been converted
for human use, the answer is a resounding “yes”: more than double the amount of total
energy used in the US in 2007 could be produced by solar photovoltaics. However,
despite the large solar resource and wide-spread interest in solar energy conversion,
solar photovoltaic installations currently generate only 1 GWpeak (in full sunlight)
of the 5 TWpeak needed to offset all energy usage in the United States in 2007, or
0.02% of U.S. energy needs.[1] Unfavorable economic and political factors are certainly
responsible for low market penetration in the US, yet difficulties in manufacturing
scale-up are also at fault. An examination of photovoltaic technologies on the market
today suggests that in the next 10-20 years, current solar technologies will struggle to
provide modules at the rate needed to supply a significant fraction of the US energy
from sunlight.
1.2 Emerging photovoltaic technologies
At least 20 new photovoltaic technologies have emerged that promise to solve the
manufacturing bottleneck encountered by conventional photovoltaics. Nearly all
employ new materials and some element of nanostructure, for example, a meso-
scopic anode,[5] light trapping techniques,[6] a conjugated polymer/fullerene bulk
heterojunction,[7] semiconducting organic small molecules[8] or quantum confined
semiconductor nanocrystals.[9]
Unfortunately, the solar power conversion efficiency (ηP ) of these devices is well be-
low the threshold needed to make solar energy generation practical. Some nanostruc-
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tured photovoltaics have matured to the point where ηP for laboratory-scale cells is
as high as 5% (see Table 1.1) - sufficient for consumer electronics applications, but far
from the minimum needed to enter the solar photovoltaic installations market. Even
today, 8-10% is considered the lowest practical efficiency for photovoltaic modules[10]
and, furthermore, large-scale manufacturing reduces the efficiency of modules by 45%
compared to record laboratory-scale devices.[11] The target laboratory efficiency for
emerging nanostructured solar cells is, therefore, a soaring 14.5%, much higher than
the predicted maximum efficiency of 6% for small molecule cells[12] or 11% for con-
jugated polymer cells.[13]
1.2.1 Efficiency limitations in donor/acceptor heterojunction
photovoltaics
In Chapter 3, we explore the essential background physics needed to understand some
of the limitations to reaching higher efficiencies in nanostructured photovoltaics. For
instance, the confined nature of the excited state (an exciton) prevents it from sponta-
neously separating into free charge, a prerequisite for photovoltaic action. Therefore,
a heterojunction between two semiconductors with differing electron affinities (where
one semiconductor readily donates an electron and the other readily accepts the elec-
tron) is often employed to facilitate charge separation. Another limitation is the
relatively short distance an exciton can diffuse in order to reach the donor/acceptor
heterojunction, compared to the characteristic length needed to absorb an appreciable
amount of light.
There are three established ways to solve the problem of short exciton diffusion
length relative to the absorption length:
Bulk heterojunction: The donor and acceptor materials can be mixed if they are
solution processable [7, 20, 21, 22, 23, 25], co-evaporated if they sublime [29, 24,
30] or one material can be infiltrated into a porous network of the other [31, 32,
28] in order to form optically thick devices comprised of a bulk heterojunction














































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Light-trapping: Employ geometrical or optical light-trapping techniques in order
to boost the absorption of otherwise optically thin devices [33, 34, 35, 6, 36, 37]
Tandem cells: Stack multiple optically thin devices on top of one another, con-
nected in series using a transparent intermediate recombination layer [38, 39, 40]
The first solution, the bulk heterojunction, is the most common and the most suc-
cessful, so far [22]. The second solution, light trapping, generally does not produce
enough absorption enhancement alone [37] (see Section 3.2.4) and therefore has been
employed in conjunction with bulk heterojunctions and/or tandem cells [22, 41]. Re-
cently, the third solution, tandem cells, has become increasingly common as a way of
increasing the efficiency of bulk heterojunction cells [42, 43].
Despite successful implementations of the above techniques, efficiencies remain
low. A survey of performance metrics of various nanostructured photovoltaics (Table
1.1 and Table 1.2) reveals that the origin of low efficiency rests predominantly with
inadequate open-circuit voltages (VOC , defined in Section 3.5). Some of the most effi-
cient cells have succeeded at maximizing external quantum efficiencies (EQE, defined
as the number of electrons generated per incident photon). For example, Kim et
al.[22] has achieved an average of 75% EQE over the absorption region of the device.
To a lesser extent, fill factors (FF , defined in Section 3.6) have been maximized at
0.56-0.66, but nearly all VOC remain low - in general only 0.6 V for a typical optical
bandgap (Eg) of 1.9 eV. This represents a 32% efficiency of converting photon energy
into voltage, considerably lower than the detailed-balance limit of approximately 1.5
V for Eg = 1.9 eV or 79% (see Section 3.5 for a discussion of detailed balance).[44, 45]
Figure 1-2 plots VOC versus Eg for cells listed in Table 1.1. Overcoming low VOC could
result in a substantial increase in the conversion efficiency (by as much as a factor of
2.5 for some nanostructured photovoltaics), enough to begin approaching commercial
viability.
Tandem donor/acceptor cells exhibit slightly improved power efficiencies (ηP ) ver-
sus single cells, as shown in Table 1.2 and Figure 1-2, but currently fall short of the
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Figure 1-2: Open-circuit voltage VOC versus the minimum optical bandgap for devices
listed in Tables 1-2 and 1.2. Also plotted is the theoretical limit, which is the bandgap
subtracted by 0.4 eV for single cells or 0.8 eV for tandem double cells. Shown are
devices with a mesoscopic anode (•), discrete layers (), bulk heterojunction (N),
tandem cells (H) and this work ().
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have been employed, consisting of either multiple stacked cells of the same bandgap
(where the thickness of each cell must be chosen such that the same number of photons
are absorbed in each cell) or of different bandgaps (where the bandgaps must chosen
such that each individual bandgap absorbs the same number of photons). Both types
have been implemented, though with moderate success. Few reports give EQEs, but
those that do indicate low EQEs around 30%. FFs are respectable, often above 0.5,
but again VOC is at ∼38% of the total bandgap.



















Figure 1-3: Theoretical maximum power efficiency of stacked cells with ideal electrical
characteristics, individual cell thicknesses of 70 nm or 180 nm, Eg = 1.4 eV and
α = 104 cm−1.
For tandem cells consisting of multiple stacked cells of the same bandgap, the
theoretical efficiency of an optically thick tandem cell should be much higher than
that of an optically thin single cell. For example, Figure 1-3 shows the expected
efficiency for two ideal devices (limited only by absorption (α = 104 cm−1)) with
Eg = 1.4 eV and an initial single cell thickness of either d = 70 nm or d = 180 nm.
For the 70 nm device, the theoretical efficiency increases from 3.8% for a single cell
to 7.6% for two stacked cells and up to 11% for three stacks. For the 180 nm thick
device, the theoretical efficiency saturates near 31% after 10 stacks, which is just
under the theoretical efficiency of an ideal device with no absorption losses. With
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greater absorption per cell, the number of cells needed to achieve a given efficiency
is reduced. However, the ultimate efficiency is the same, provided that enough cells































Figure 1-4: The graphical method for the calculation of the power efficiency of a solar
cell involves multiplying the total number of absorbed photons with the solar cell’s
bandgap, less 0.4 eV.
For tandem cells consisting of cells with different bandgaps, a simple graphical
analysis shows that the theoretical efficiency of tandem cell should be much greater
than cells with a single bandgap [45]. In Figure 1-4, we plot the total number of
photons in the solar spectrum that will be absorbed by a solar cell with a given
bandgap. For an ideal solar cell with complete absorption and no loss mechanisms,
the power produced is the number of photons multiplied by qVOC , which is often 0.4
eV less than the bandgap. For triple cell tandem structures, the optimal bandgaps are
approximately 0.7 eV, 1.2 eV and 1.8 eV, which corresponds to a theoretical power
efficiency of 47%, much higher than the theoretical power efficiency of 31% for a single
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bandgap cell with an optimum bandgap of 1.4 eV (a 50% improvement).
Three problems appear to limit increased efficiency in donor/acceptor tandem
cells:
• The mechanical instability and rough morphology of multiple spin coated or
evaporated layers inhibits stacking of more than two cells
• The bandgap of organic semiconductors is larger than optimal, limiting absorp-
tion in the infrared part of the solar spectrum
• The transparent interstitial layer used to make contact between the top and
bottom cell often results in reduced EQE, VOC and/or FF
Therefore, achieving high efficiency in tandem structures requires fabrication tech-
niques that are compatible with stacking multiple cells an one another, semiconduc-
tors with bandgaps in the range of 0.7 eV to 1.8 eV and transparent conductive
interstitial layers that do not sacrifice device performance.
1.3 Our device concept
This thesis investigates a unique photovoltaic device architecture that attempts to sat-
isfy the above requirements in order to achieve efficient tandem photovoltaics. The de-
vice employs a pristine layer of colloidally synthesized cadmium selenide (CdSe) quan-
tum dots (QDs) as the principle photo-active species. An organic hole-transporting
film, N,N′-bis(3-methylphenyl)-N,N′-bis-(phenyl)-9,9-spiro-bifluorene (spiro-TPD) is
used to form the donor/acceptor heterojunction. Below, we briefly introduce quantum
dot semiconductors and organic small molecules and explain the potential benefits of
our non-traditional device design.
1.3.1 Quantum dots
A semiconducting structure that limits the motion of charge carriers to two, one or
zero dimensions is often referred to as a low-dimensional semiconductor. For example,
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an ultra-thin film allows charge to propagate in the x and y directions, but not in
the z direction, resulting in what’s called a two-dimensional semiconductor. A zero-
dimensional semiconductor constrains an electron in all three dimensions and is often
called a quantum dot [50].
Since the early 1980’s, low-dimensional semiconductors have appeared in opto-
electronic devices such as photodetectors [51], lasers [52] and optical modulators.
Their unique optical and electronic properties stem from the physical phenomenon
called quantum confinement, which occurs when a semiconductor’s dimensions ap-




where h is Planck’s constant and p is the electron momentum. With decreasing
thickness, the semiconductor’s broad energy level bands collapse into discrete energy
levels En that can be approximated by assuming an infinite square potential well, as









where ~ = h/2pi, m∗ is the electron effective mass, Lz is the size of the quantum well
and n is an integer. These discrete energy levels can be tuned by changing the width
of the well without changing the materials themselves (Figure 1-5).
Modification of the electronic state density and narrow emission from transitions
between discrete states have enabled quantum well laser diodes [52]. Quantum wells
also exhibit special electronic properties like enhanced electron impact ionization,
as seen in low-noise avalanche photodetectors [53]. An important consequence of
confinement for photovoltaics is the increase in the absorption coefficient. One way
to understand this increase is to consider that the same material volume, unconfined,
will experience a similar number of absorption events as the confined volume. The
unconfined volume will absorb across a broad range of wavelengths and the confined
























Figure 1-5: Absorption spectra of CdSe nanocrystals. From Chris Murray.
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1.3.2 Colloidal quantum dot technology
Colloidal quantum dot technology arose in the early 1980’s when scientists at both
Bell Labs and in the former Soviet Union noticed that solutions of semiconductor
nanoparticles were colored differently although the semiconductor material was the
same [54]. Since then, high purity semiconductor nanocrystals have been grown
synthetically and processed with organic capping groups so that they can be dispersed
in organic solvents and deposited in solution [55].
CdSe 4 nm
capping groups
Figure 1-6: Diagram of CdSe QDs with organic ligand capping groups. Typical QD
size is ∼4 nm with ∼1 nm spacing between QDs.
Solution processable colloidal quantum dot systems display many of the special
optical and electronic properties associated with epitaxially grown quantum confined
systems [56]. Their tunable band gap and their higher absorption relative to the
bulk make quantum dots particularly attractive as photogeneration materials. At
the same time, colloidal quantum dots offer much greater material system flexibility
than epitaxial quantum dots because deposition on any substrate is possible [57].
This flexibility is central to our work because it allows us to independently choose
a substrate and a top contact layer that are optically transparent and electrically
compatible.
1.3.3 Colloidal quantum-dot photovoltaics
A photovoltaic effect in quantum dot/conjugated polymer blends was first observed
by Greenham, et al. [9]. In these devices, CdSe quantum dots are used as both an
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absorber and electron acceptor. The efficiency was found to be limited in part by poor
transport through the network of quantum dots [58]. Larger efficiencies have been
reported using CdSe nanorods, in which transport is improved along the extent of the
rods [59] [60]. However, resistive losses remain an issue because the nanorods tend
to lay flat, perpendicular to the direction of current flow [61]. Sun, et al. [62] have
achieved an external quantum efficiency of 15% at the quantum dot absorption edge
using branched CdSe tetrapods comprised of four limbs connected at a central core.
Their device structure consists of a CdSe tetrapod/conjugated polymer composite
film (86% CdSe by weight) spun onto a PEDOT film and covered with aluminum as
the top electrode, as shown in Figure 1-7. Recently, Johnston et al. [63] demonstrated
a QD only device consisting of lead sulfide (PbS) nanocrystals sandwiched between










Figure 1-7: Depiction of typical device structure used for CdSe/conjugated polymer
blend photovoltaics.
1.3.4 The CdSe quantum dot film
Cadmium selenide (CdSe) forms an ionically bonded semiconducting crystal with a
direct band gap of 1.7 eV and an electron mobility of 800 cm2/Vs. CdSe crystals with
perfect stoichiometry and crystal structure are insulating with low intrinsic carrier
concentrations. In this work, CdSe nanocrystals are grown synthetically in solution to
a diameter of 4 nm. At this size, quantum confinement increases the band gap to 2.2
eV. During synthesis, the surface of the quantum dot is functionalized with the organic
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molecule trioctylphosphine oxide (TOPO). TOPO capping groups are transparent,
insulating and extend about 1-2 nm beyond the nanocrystal surface (Figure 1-6). The
resulting large interparticle spacing prohibits interparticle sharing of electron states
and hence the mobility is reduced significantly. Ginger, et al. [64] have obtained low
mobilites of 10−4 to 10−6 cm2/Vs from current-voltage characteristics fitted with a
trap limited space charge conduction model, but mobility has not yet been measured
directly. Annealing CdSe nanocrystal films reduces the interparticle spacing, which
in turn increases the mobility [65]. Ridley, et al. [66] found relatively high field-effect
electron mobilities of around 1 cm2/Vs in a transistor geometry where the CdSe film
was synthesized without organic capping groups and sintered at 350◦C.
Jarosz, et al. [67] found that a butylamine treatment of CdSe quantum dot films
resulted in enhanced photocurrent. It was shown that interparticle spacing decreases
in treated samples. Also, butylamine is thought to passivate recombination centers at
the quantum dot surface. In these experiments, Jarosz observed that the photocurrent
reached saturation at 60 V applied across a 1 micron channel length (corresponding to
an electric field of 6 x 105 V/cm) and speculated that all photogenerated charge was
being collected in the saturation limit. Electric fields of this magnitude are too high
to achieve in a solar cell at low bias. Instead, a heterojunction interface is required
to help generate charge, which we will discuss in further detail in Chapter 3.
1.3.5 Organic semiconductors
An organic solid is a molecular material that contains carbon. Research into solid
state organic semiconductors appears to have begun around 1906 when Pochettino dis-
covered photoconductivity in solid anthracene [68]. In the past twenty years, the field
of organic semiconductors has expanded rapidly, driven largely by the prospect of new
materials for light emission, light harvesting, lasing, superconductivity and molecular
transistors. Organic molecular solids consist of molecules that are weakly bound to
each other by van der Waals forces. They are characterized by low melting points,
low conductivity, high absorption and soft structural properties. Organic molecules
exhibiting semiconducting behavior are a special class of hydrocarbon molecules that
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Figure 1-8: Succession of increasingly more sophisticated nanocrystal morpholo-
gies, from one-dimensional spheres, to two-dimensional rods and finally branched
tetrapods.
contain conjugated bonds. Conjugation refers to the the alternating sequence of sin-
gle and double bonds, displayed for example by benzene (Figure 1-9), a ring of six
hydrogen and six carbon atoms arranged in a hexagon. Such conjugation along chains
of atoms often leads to the ability to conduct charge due to the resonant sharing of
electrons across atoms along the conjugated chain.
When a carbon atom is brought close to another carbon or hydrogen atom, the
electron wavefunctions change their spatial configuration to accommodate the new
potential energy situation. In the case of benzene, three electrons of the six total
electrons on a carbon atom distribute themselves at roughly 120◦ increments in the
plane of the molecule. These electrons form covalent bonds with other carbon or
hydrogen atoms, called σ bonds. A fourth electron remains distributed in the z
direction, above and below the plane of the molecule, and loosely binds to other z-
distributed electrons from neighboring carbon atoms. These bonds are called pi bonds
and the resulting pi electron system is delocalized over the entire benzene molecule.
Between molecules, van der Waals forces resulting from induced dipole-dipole in-
















Figure 1-9: Illustration of molecular orbitals in benzene (a) and chemical structure
in explicit form (b) and condensed form (c).
not present over intermolecular length scales, but some electron wavefunction overlap
leads to the possibility of tunneling between molecules and ultimately charge conduc-
tion. Optical absorption occurs when the pi electron - which is in the highest occupied
molecular orbital (HOMO) - is excited to the next available unfilled state - the low-
est unoccupied molecular orbital (LUMO). This excited electron state is called the
pi∗ orbital. For each molecule, pi-pi∗ transitions occur at a well-defined energy level.
But over the whole molecular solid, pi-pi∗ transition energies vary broadly because of
molecular deformations and local electric field variations due to intermolecular dipole
interactions.
1.3.6 The organic hole transport molecule spiro-TPD
For the hole acceptor and hole transporting contact to the CdSe film, we use the
organic small molecule spiro-TPD, a spiro-linked variant of TPD, a common organic
semiconductor used in electrophotography and organic LEDs. The spiro-TPD film is
deposited by thermal evaporation. The molecular structure of spiro-TPD is shown in
Figure 1-10. Transport takes place via hopping of holes among spiro-TPD molecules,













































































Figure 1-10: Molecular structure of spiro-TPD.
1.3.7 Device fabrication
The prevailing deposition method for colloidal QD systems is spin casting [69], which
introduces limitations such as solvent incompatibility with underlying films and the
inability to pattern side-by-side pixels for multispectral photodetector arrays. The al-
ternative deposition method of drop casting is applicable to the fabrication of lateral
QD devices (such as photoconductors [67] and transistors [70]), but resulting films are
generally of non-uniform thickness and unsuitable for vertical heterojunction struc-
tures.
In Chapter 4, we describe the two innovative fabrication methods that are critical
to our device growth process. First, a thin QD film (∼20 nm) is deposited onto an
organic hole transport layer using a non-destructive microcontact printing method
[71]. With the non-destructive QD printing process, a distinct planar heterojunction
is formed between the neat QD film and the underlying spiro-TPD. Second, a thin film
of indium-tin-oxide (ITO) is non-destructively sputter-deposited onto the QD layer
as a transparent top electrode. The transparency in the visible part of the spectrum
of the ITO ensures that the optical field intensity near the top electrode interface –
where the QDs are located – is not suppressed. The thickness of the QD film is kept
as thin as possible in order to limit losses associated with exciton diffusion or carrier
transport across the QD’s insulating capping groups.
Tandem structures (described in Chapter 7) are obtained by simply repeating the


















Figure 1-11: Schematic of tandem QD device structure.
diate ITO electrode is kept at 20 nm because thicker ITO films are only necessary
for external electrode contacts, which require greater lateral conductivity. The use of
the conductive polymer poly(3,4-ethylenedioxythiophene)poly(styrenesulfonate) (PE-
DOT:PSS) as a planarization layer ensures that the morphology of the top device is
the same as the bottom device.
1.3.8 Benefits of a QD planar heterojunction structure
Compared to the more popular bulk heterojunction geometry, we propose that a
number of advantages exist for multiple stacks of planar heterojunction cells:
• The planar morphology simplifies charge extraction because carriers do not have
to follow a circuitous pathway to the electrodes, potentially encountering dead
ends along the way. Improved charge extraction should lead to improved FF.
• Higher VOC and improved FFs should be expected for a bi-layer geometry due
to the absence of shunting paths between the anode and cathode.
• In a bi-layer geometry, carriers are driven away from the interface by diffusion,
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whereas in a bulk-heterojunction, a built-in electric field is required to drive
photocurrent. Alleviating the need for a built-in field allows for the use of a
stable and transparent ITO for both anode and cathode.
• Device fabrication is simplified by removing the need for annealing steps often
required to control the blend morphology.
• Analysis of device performance and physics of charge generation is simplified
without complications from an interpenetrating morphology
The use of quantum dots as the sole absorbing species is advantageous for the following
reasons:
• The absorption onset of the device can be changed by simply changing the size
of the QDs or the QD material itself
• Characterization and modeling is simplified by not having two materials with
overlapping spectra
• Infrared absorption is possible when using smaller bandgap QD materials
With the planar heterojunction tandem device design in Figure 1-11, we have satisfied
the three requirements for an effective tandem structure:
• The PEDOT:PSS layer provides the mechanical stability and smooth morphol-
ogy needed to stack multiple device easily
• The bandgap of the QD layer could, in principle, be chosen to obtain infrared
absorption by using a QD material with a smaller bandgap
• The transparent interstitial electrode is compatible with both the top and bot-
tom cell, thus maintaining the optimal performance of the individual cells in
the entire tandem structure
Certainly, we acknowledge that stacking more than ten cells could be difficult prac-
tically, yet the cost of producing a thin film solar module is dominated by the glass
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substrate and encapsulant [72]. Additional deposition steps, as long as they are not
time consuming, should not affect production costs. In summary, our proposed QD
device structure addresses many of the limitations to high efficiency in donor/acceptor
photovoltaics by enabling the use of infrared-absorbing semiconductors and tandem
devices structures.
1.4 Summary of important results presented in this
thesis
In Chapter 5, we present the observation that photocurrent originates from absorption
in the QD film. We confirm that the same device structure can accommodate different
size QDs by observing a shift in the spectral response of devices with different size
QDs. Surprisingly, physical voids in the QD film are pervasive, but do not appear
to interrupt the generation of photocurrent or photovoltage. In addition, a large
VOC = 0.8 V is achieved, which is uncommonly high for a device with symmetric
electrodes.
In Chapter 6, we demonstrate an even greater VOC of 1.3 V when the QD film is
smooth and complete, accomplished by coating the PDMS stamp with a lower surface
energy polymer, parylene-C. The absence of voids in the QD film is found to reduce
the current in dark, which is shown to account for the increase in VOC . The magnitude
of VOC is exceptionally high, near the detailed-balance limit and much greater than
the HOMO/LUMO offset at the spiro-TPD/QD heterojunction, previously believed
to be the upper limit to VOC in donor/acceptor heterojunction photovoltaics. An
alternative model for VOC is presented that considers the dark current in forward bias
as the critical mechanism determining VOC . The origin of low dark current in these
structures is believed to result from suppressed recombination at the spiro-TPD/QD
heterojunction, observed from photocurrent transient measurements to have a long
time constant of at least 0.4 ms. Electroluminescence from the QD layer confirms that
hole injection from spiro-TPD into the QD layer and recombination in the QD layer
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is responsible for current flow in forward bias. Measurement of the voltage depen-
dence of the transient photocurrent decay identifies charge diffusion as the dominant
mechanism responsible for photocurrent generation.
In Chapter 7, we describe the first ever successful implementation of a tandem
QD structure, using identical bandgap QDs for each cell. The efficiency is double
that of the single cell, as expected, and the VOC of 2.67 V is the highest to date for a
donor/acceptor solar cell. Finally, we outline the many opportunities and pathways






Even though sunlight is the single largest and most readily available energy resource
on earth, it nevertheless suffers from two unfortunate drawbacks: relatively low power
densities and intermittency. These drawbacks limit its appeal as an energy source and
make capturing solar energy on a large scale a difficult problem. In this chapter, we
attempt to quantify both the sheer scale of energy demand in the US and the potential
for solar energy to become a viable alternative to fossil fuel consumption. We will also
discuss why solar cell conversion efficiency requirements are so formidable, why cost
considerations are so stringent and why high-throughput manufacturing processes are
essential.
2.1 Can we live off of renewables?
Before we begin our discussion of photovoltaics, we should consider the real world
impact that photovoltaics might have on society and the natural world. Often one
assumes that a new technology will automatically yield fantastic improvements for
everyone, but in some cases (especially with purported “green” technologies) the
impact can be either insignificant or in fact damaging. For instance, if using pho-
tovoltaics for energy generation means converting a large fraction of open space or
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arable land to solar farms, then we might be better off searching for other renewable
sources of energy. Also, if only a small amount of photovoltaics could be produced
because of practical manufacturing or material limitations, then the impact would be
insignificant and therefore not worth the effort.
With this in mind, we set off to answer the broad question of whether it is theoreti-
cally possible for the US to displace all of its fossil fuel consumption with solar energy
that is generated from land that has already been converted for human use. Although
other renewable technologies are certain to play a role in the nation’s energy mix in
the future and no real storage technology is presently available to handle such a large
amount of solar energy generation, the point is to understand the fundamental limits
to solar energy deployment.
2.1.1 US energy consumption
We begin by examining the amount of energy consumed in the US. Vast amounts of
data on this subject are available at the website for the Energy Information Associa-
tion (EIA) [1], from which we obtained both the amount of energy consumed by fuel
source and by sector.
Our first complication is that each fuel source is measured in a different energy
unit. Following the convention set by Professor David J.C. MacKay in his book Sus-
tainable Energy – without the hot air [73] – from which we’ve based much of the
methodology for our calculations in this chapter - we will convert each material-
specific measurement unit into kilowatt hours per day per person [kWh/day/person].
This unit is the best compromise between the myriad of energy units because it
allows for a direct comparison between countries with different population sizes, av-
erages out daily fluctuations in output and can be more easily conceptualized as 1
kWh/day/person being equivalent to one 100W lightbulb turned on for 10 hours a
day per person. All the relevant conversion factors are given in Table 2.1.
A second complication lies in how the EIA classifies energy consumption for each
sector. The broad categories are given as (a) transportation, (b) industrial, (c) res-
idential and (d) commercial. It’s pretty clear how energy is used in transportation,
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Table 2.1: Conversion factors for major energy units.


















PBtu/yr = 2.67 kWh/day/person
Solar panels gigawatt peak GW peak = 1/60 kWh/day/person
but what’s happening to energy going into industrial, residential and commercial sec-
tors? Fortunately, the EIA also provides extremely detailed dissections of fuel usage
by application that contain useful specifics like how much petroleum is used for the
fabrication of plastics and how much natural gas is directed toward home heating,
for example. It turns out that most fuel consumed by the industrial sector is either
physically transformed into goods, materials, substances or used as heat energy (not
electricity) for the same purpose, while most of the fuel consumed by the residential
and commercial sector is for either electriciy or space heating. Therefore, we find it
more instructive to use “heating” and “electricity” as sector categories, yet will retain
the “industrial” moniker for lack of a better term.
Figure 2-1 displays our estimates, distilled from information provided by the EIA,
of the breakdown of energy consumption by fuel and by sector in the US. Out of a
total of 281 kWh/day/person, 241 kWh/day/person (or 86%) is consumed in the form
of fossil fuels, with petroleum responsible for the largest share and coal and natural
gas with roughly equal shares. However, 24% of petroleum is not burnt as fuel, but
instead used as raw material for the manufacture of goods and chemicals. Also note
that the majority of coal is used to generate electricity. Natural gas consumption is
split nearly equally between industrial applications, heating and electricity generation.
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Figure 2-1: Consumption of energy in the US by fuel source and by sector, and
percent contribution from fuel source to energy sector.
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renewable energy and nuclear power goes toward electricity generation.
2.1.2 How much is useful energy?
Now that we know the staggering magnitude of energy consumed by the average
US citizen, we can start to understand whether enough solar energy is available to
someday replace all fossil fuel combustion. One common assumption often made in
these calculations is that new solar energy installations would have to displace all of
the energy presently extracted from fossil fuels. But if we think about how energy
would actually be generated and used in a solar economy, many of the inefficiencies
of a fossil fuel economy end up going away. Take, for example, the case of electricity
generation and distribution. Most electricity is generated by burning coal or natural
gas to produce steam that drives a turbine. The process is only 40% efficient in prin-
ciple, but the EIA data suggests the efficiency is typically 30%. Transmission losses
account for another 17% reduction, bringing the the overall efficiency of electricity
generation and distribution down to approximately 21%. Another example of energy
waste in the fossil fuel economy is the case of internal combustion automobiles, which
have an energy efficiency of only about 20%.
In a solar-based economy (where we assume to have some sort of viable energy
storage technology), efficiency losses due to combustion do not exist. Electricity
is generated close to where it used so transmission losses are near zero. Likewise,
automobiles powered by an electric engine and battery have a grid-to-motor efficiency
of nearly 90%. Heating buildings and homes is possible with solar water heating
and/or electric-powered geothermal heat pumps, which operate by circulating a high
heat capacity fluid down into the earth and back up into a home or building, in the
process transferring three times as much heat from the earth as used to power the
pump. We will (somewhat arbitrarily) assume that a reasonable energy budget for
heating is 45% of what is presently used, which can be obtained with a combination
of better thermal insulation and a 50% usage rate of geothermal heat pumps (not all
locations are suitable for heat pumps). Therefore, the relevant amount of energy to
be generated by solar energy is close to the actual amount of useful energy delivered
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Figure 2-2: The amount of energy consumed in the US by sector and the amount of
useful energy that results after efficiency losses, non-fuel usage and renewables are
removed.
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by fossil fuels, not the energy contained in the fossil fuels. In Figure 2-2, we diagram
our estimates for the average conversion efficiency loss in each energy sector. Non-fuel
usage is also removed. We arrive at an estimated value of 81 kWh/day/person for
the amount of fossil-fuel-deliverd useful energy that could in principle be displaced
by solar energy. Note that industrial processes become the largest consumer of useful
energy, twice as large as transportation. For a detailed table of assumptions used to
obtain these numbers, see Appendix A.
2.1.3 Solar potential
The amount of fossil fuel energy to be displaced, though less than 30% of the total
energy consumed, is still a massive quantity and, if produced from solar energy, would
require covering a broad expanse of the US. Two factors conspire to make solar energy
a large-area prospect. First, the average solar insolation (defined as the incident solar
energy per day per area) in the US is only 5 kWh/day/m2. Second, the average
efficiency of solar panels is only 15%, resulting in a delivered energy density of 0.75
kWh/day/m2. Therefore, in order to supply 81 kWh/day/person, we would need
108 m2/person, which is about the area taken up by six or seven car spaces in a
parking lot. Since the total land area of the US is 9,158,960 km2, which supports a
population of 301,139,947 at an average land area per capita of 30,414 m2/person,
then the required coverage area is 32,407 km2 or 0.35%, which is just bigger than the
total area of Massachusetts and Rhode Island, together. Table 2.2 summarizes the
above coverage requirements facts.
Our next step is to understand where to put 32,407 km2 of solar panels. Con-
trary to some public reports, rooftop space alone is not sufficient, as shown in Table
2.3. Here, we have roughly estimated the available area from land that has already
been developed for human use. We assume that solar panels can only be installed
on 25% of residential rooftops (many of which are pitched away from the sun) and
60% for flat surfaces (to account for areas that do not have full sunlight)[74]. Other
readily available surfaces, like parking and unused land adjacent to highways, dom-
inate the available area in the US – perhaps a commentary on the wastefulness of
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Table 2.2: Summary of useful statistics regarding coverage area requirements for solar
energy production in the US.
Land area 9,158,960 km2
Population 301,139,947
Per capita land area 30,414 m2/person
Fossil fuel energy consumed 281.43 kWh/day/person
Fossil fuel energy delivered 80.71 kWh/day/person
Average solar insolation 5 kWh/day/m2
Solar panel efficiency 15%
Delivered energy density 0.75 kWh/day/m2
Required coverage area 32,407 km2
Per capita required coverage area 107.62 m2/person
Percent required coverage area 0.35%
our transportation system. Note that the majority of the surfaces in Table 2.3 are
located nearby major population centers where the bulk of energy is used. A total of
81,000 km2 of existing developed land area can be used for energy generation from
sunlight, 2.5 times the necessary area to displace 100% of the useful energy produced
by combusting fossil fuels.
Converting the available land area to energy, assuming an average insolation of
5 kWh/day/m2, gives the amount of energy that can be generated by solar photo-
voltaics, referred to as the solar potential. In Figure 2-3, we plot the solar potential,
alongside both the amount of energy consumed in the US and the amount of solar
energy production needed to displace all fossil fuel combustion. The main conclusion
is that a creative use of space is necessary in order to generate a sufficient amount
of energy to power the entire US from sunlight without compromising critical open
space or arable land.
2.2 Solar photovoltaic technologies
Having determined how much energy is needed to displace fossil fuels and how much
sunlit space is needed to supply that energy, we can now address the question of what
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Figure 2-3: Comparison of total energy consumed in the US with the amount of
energy that can be provided from solar photovoltaics without including open space
or arable land.
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Residential rooftop 12,821b 25% 3,205
Commercial rooftop 4,438b 60% 2,663
Parking 15,886c 60% 9,532
Highway median & perimeter 98,043d 60% 58,826
Railroad area 3,446e 60% 2,067
Transmission line easement 7,848f 60% 4,709
Total 81,002
aThe percent of surface that can be covered with solar panels, from Navigant consulting [74]
bEnergy Information Association (EIA)
c250 cars, assuming 4 parking spaces per car and 16 m2 parking spaces
d3,997,461 highway miles (American Association of State Highway and Transportation Officials),
assuming a 50 ft median and embankment width
e140,490 railroad miles (Association of American Roailroads), assuming 50 ft width
f160,000 transmission line miles (Edison Electric Institute), 100 ft width
modules needed to cover 32,407 km2 of sunlit area. There are two main issues to
consider: the cost competitiveness of the solar photovoltaic installation and the ability
of the photovoltaic cells to be manufactured easily and rapidly at the scales required
for widespread deployment.
2.2.1 Solar photovoltaic installations
First, let’s consider the cost breakdown of the entire apparatus associated with a solar
photovoltaic installation, diagramed in Figure 2-4. The solar panel or module - an
assembly of fifty to a hundred solar photovoltaic cells connected in series and packaged
with a protective piece of glass and encapsulation materials - is the main component
of the system. These modules are connected in series or parallel with other modules
to generate enough electricity to meet the preset system specifications. Typically,
modules are responsible for around 43% of the cost of the system. Before the system
gets built, an expert must assess the illumination conditions (avoiding shady parts)
of the location and design a racking system to hold the modules facing south, at the
correct angle in order to maximize energy output. These design costs, together with
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financing, often equal approximately 25% of the cost of the system. An inverter,
which converts the DC output of the modules into grid-compatible AC current, will
cost around 4% of the system. Other components like copper wiring, conduit, junction
boxes and aluminum racking account for 13% of the system cost. Finally, labor costs
for placing the panels and routing the electrical connections will run 15% of the system
cost. The above estimates were adapted from estimates provided in discussions with
Chet Farris, CEO of Stion Corporation.









PERCENT OF TOTAL SYSTEM COST
43% 25% 15%13%4%
Figure 2-4: Cost breakdown of the major components of a solar photovoltaic instal-
lation. Up and down arrows indicated the cost trends with time.
For a discussion of what happens to the cost of a solar installation if some param-
eter – cost, efficiency, voltage, weight or size – changes, and a breakdown of the ideal
module characteristics, see Appendix A.
2.2.2 The cost/efficiency tradeoff
Of all the module specifications discussed in Appendix A, module efficiency has the
greatest impact on the cost of a solar installation because it determines the required
install area. Design, financing and inverter costs do not change, but commodity
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and labor costs are heavily dependent on the square footage to be installed. As the
installed area increases, more cabling, racking and module connections are required.
Because module efficiency and the installed area are inversely proportional, there is
a minimum efficiency below which installation costs become prohibitively expensive.




Area× 1000 W/m2 (2.1)
where ηPOWER is the module efficiency, PPEAK is the peak power output specified
for the solar installation, Area is the required area and 100 mW/cm2 is the intensity
standard at which PPEAK is determined. The installation cost is comprised of fixed
costs and area-dependent costs:
Installation Cost = Fixed Cost+ (Area Dependent Cost)× Area (2.2)
Solving for Area gives
Installation Cost = Fixed Cost+
(Area Dependent Cost)× PPEAK
ηPOWER × 1000 W/m2 , (2.3)
but it’s more useful to consider the cost per peak power generated, typically called








ηPOWER × 1000 W/m2 (2.4)
which is plotted in Figure 2-5 using a fixed cost of $0.74/W and an area-dependent
cost of $160/m2.
Figure 2-5 demonstrates that cost savings begin to diminish above efficiencies of
18%, yet modules below an efficiency of 10% suffer from a large installation cost
penalty and below 8% installation costs become prohibitively expensive. This contra-
dicts a frequently espoused motivation for nanostructured photovoltaics - that ease
of processing of printable materials will lead to lower cost solar cells and hence lower
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Figure 2-5: Estimated installation cost verses module efficiency.
system costs, even if efficiencies are low. As we can see in Figure 2-6, a plot of the es-
timated total system cost for the five major solar photovoltaic technologies (nanoscale
materials, amorphous silicon (a-Si), cadmium telluride (CdTe), copper indium gal-
lium diselenide (CIGS) and crystalline silicon (c-Si)), nanoscale photovoltaics actually
come out to be more expensive overall than c-Si, even though the modules cost half
as much.
On the other hand, the data in Figure 2-6 illustrates that simply increasing module
efficiency won’t necessarily lower overall system costs. This is because of a fundamen-
tal tradeoff between cost and efficiency for photovoltaic modules: higher efficiencies
often require higher quality materials and more advanced light-trapping techniques
that can significantly increase costs. Modules made from a-Si are a notable counter ex-
ample, with a lower module efficiency yet higher cost. However, a sweet spot emerges
for those technologies (CdTe and CIGS) that manage to have low manufacture costs
while maintaining adequate efficiencies (12-13%). In these cases, the installation cost









































Figure 2-6: Predictions for module efficiency, module cost and installation cost for
five major solar photovoltaic technologies in 2015. Adapted from Solar Photovoltaics,
Deutsche Bank [10]. *Numbers for nanoscale photovoltaics are estimated by us.
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ingly, these technologies are growing more rapidly than c-Si and are therefore forecast
by some to eventually dominate the solar photovoltaics market.
2.2.3 Module manufacturing throughput
One issue remains in assessing the ability of a solar technology to supply 81 kWh/day/person
of energy: can the modules be manufactured and deployed quickly enough to make
an impact on energy production within a reasonable time frame? To address this
question, we will look at the historical rate of production of modules manufactured
in the US, plotted in Figure 2-7.

































Figure 2-7: Log-linear plot of historical module shipments in the US, with projected
shipments in the future and projected total installed capacity. Module shipment data
from Ref. [1].
Before examining Figure 2-7, it is worth taking a moment to clarify how we have
converted from kWh/day/person to gigawatts GW peak, the customary unit for the
power capacity of solar panels. GW peak refers to the power output by a solar panel
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under illumination from the standard AM1.5G spectrum at an intensity of 1 kW/m2.
It is equivalent to the maximum power obtained at full sun brightness. However,
we want to know the average power a solar panel will generate over the course of a
day so that we can properly compare it with the average power used per day. We
take the value for average solar insolation in the US (5 kWh/day/m2) and convert
to average power (5/24 kW/m2), which can be directly compared to peak power (1
kW/m2). Therefore, a solar power plant rated at 1 GW peak will have an average
power production of 5/24 GW. If the 1 GW peak power was distributed to each
person in the US, a population of 3×108 people, everyone would get
1 GW peak→ 1/60 kWh/day/person = 17Wh/day/person (2.5)
as given in Table 2.1.
From Figure 2-7, the electricity generating capacity from photovoltaic modules in
2007 was 1 GW peak (17 Wh/day/person), roughly a factor of 5000 smaller than (or
0.02% of) the generating capacity needed to supply all of US energy needs. If we take
the historical module shipments over the last four years, which have been experiencing
an astonishing growth rate of nearly 40%, and extrapolate out into the future, we find
that in principle we could supply enough modules to satisfy the nation’s energy needs
by 2030. This may or not may not be sufficient time to avoid irreversible damage
from fossil fuel pollution, depending on the climate expert. However, a number of
factors, including changing economic conditions, erratic government subsidy programs
and limitations in module manufacturing can conspire to reduce module production
below these extrapolations. The EIA, for instance, projects only 5 GW peak by 2030
of electricity generation from solar energy (which we hope is a gross underestimate).
From discussions with manufacturers of c-Si and a-Si modules, we believe that
significant manufacturing bottlenecks exist for each major photovoltaic technology,
potentially extending the time frame for full deployment considerably beyond 2030.
Our rough estimate is that current manufacturing methods cannot sustain more than
100-200 GW peak of module production per year in the US. This best case scenario
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Table 2.4: Manufacturing bottlenecks for major photovoltaic technologies.
Technology Bottleneck
nano low efficiency
a-Si slow, batch to batch Si deposition
CdTe tellurium availability
CIGS indium availability
c-Si energy intensity & module assembly
would limit energy production from solar photovoltaics to a maximum of only 1 TW
peak of 5 TW peak needed by 2030, unless current manufacturing methods could be
improved. Note that we’ve drawn a sharp upper limit to module production, but
in reality production would likely approach this value more gradually and therefore
further reduce capacity.
Table 2.4 summarizes some of the manufacturing bottlenecks associated with each
of the five major photovoltaic technologies. As discussed above, nanoscale photo-
voltaics suffer from power conversion efficiencies that are patently too low for solar
applications. Efficiencies of a-Si photovoltaics are likewise at the low end (around
8-9%), yet the manufacturing outlook is the brightest among existing photovoltaic
technologies. Still, costs are high (see Figure 2-6) due to the batch to batch vacuum
process used to deposit the a-Si layer. The ultimate production bottleneck how-
ever could be the availability of aluminum, out of which the enormous 2 x 4 x 4
m3 plasma-enhanced chemical vapor deposition chambers are fabricated. The case
of CdTe, presently the fastest growing and most cost competitive technology, is con-
strained by limited resources of tellurium [75]. Potentially upwards of 5-10 GW peak
of modules could be produced, but as supply dwindles, the cost of tellurium will begin
to infringe on module costs and thus limit production. Similarly, production of CIGS
modules could be constrained below the 20 GW peak range by limited resources of
indium [75]. Finally, c-Si, the market leader, is the most expensive and least scalable
of all the technologies. The energy payback time for c-Si modules is 2 years as op-
posed to 6 months for thin film [72]. In addition, c-Si modules must be assembled
from individual cells, a time-intensive process that can take a full day to complete,
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even with automated assembly lines.
In summary, while current photovoltaic technologies are far from being constrained
by fundamental manufacturing or material supply limitations, in the next 10-15 years,
the most promising and cost effective technologies, CdTe and CIGS, will reach their
maximum production levels, having supplied less than 30 GW peak of the 5000 GW
peak needed to offset all fossil fuel combustion. a-Si and c-Si will similarly reach
maximum production levels (although probably in the 100 GW peak range) and cost
considerations will leave these technologies vulnerable to other forms of energy gen-
eration. Taken as whole, our estimates of module production capabilities lead to the
conclusion that no single photovoltaic technology is likely to supply enough capacity
within a 20 year timeframe to offset a significant portion of fossil fuel consumption
in the US.
2.3 Conclusion
This chapter has attempted to develop four key points regarding market needs among
the energy sector for solar photovoltaics:
• Ample space is available from existing developed land areas to supply all of the
US with energy produced from sunlight
• In the next decade, current solar technologies will struggle to provide modules
at the scale needed to provide all of this energy
• Adequate efficiency (12-14%) is essential in order to keep installation costs under
control
• Low module costs must be combined with the use of abundant materials and
high-throughput, non energy-intensive manufacturing processes
Our finding that 0.35% of US land area is required to generate 100% of the energy
used in 2007 in the US is higher than similar calculation by some promoters of solar
66
energy [74], yet lower than more critical studies [73]. Our second point is rarely dis-
cussed since current solar panel production volumes are still scaling rapidly. However,
module supply will become an important issue toward the end of this decade. Accom-
plishing the last two points could have a major impact on how energy is generated in




Fundamentals of operation and
design of donor/acceptor
photovoltaics
In the previous chapter, we analyzed energy demand in the US and argued that im-
provements in manufacturability are needed in order to generate energy on the scale
necessary for widespread adoption of solar photovoltaics. In this chapter, we will
cover some of the basic opto-electronic properties of a new class of photovoltaics,
donor/acceptor photovoltaics, which have been proposed as an easily manufacturable
alternative to conventional solar cells. Donor/acceptor photovoltaics employ semi-
conductors with localized states, often in the form of solution processable conjugated
polymers, organic small molecules and/or colloidal quantum dots. We will briefly
review the five key attributes that determine a solar cell’s efficiency and attempt to
develop the basic physics underlying current and voltage generation in donor/acceptor
heterojunctions. While there are many interpretations of how these cells operate, we
will mostly avoid discussing the myriad of competing theories and instead focus on a








Figure 3-1: The conversion efficiency depends on the both material properties and
physical operation of the device.
3.1 Solar conversion efficiency
The efficiency at which a solar cell converts light into electrical energy depends on five
key attributes of both the device material properties and physics of operation: the
absorption coefficient α of the active absorbing material(s), the efficiency of photon to
electron conversion (quantum efficiency QE), the bandgap Eg of the active absorbing
material(s), the maximum voltage generated by the device (open-circuit voltage VOC)
and the internal resistive properties of the device, obtained by measuring the fill factor
FF (Figure 3-1).






where JSC is the current produced under short circuit conditions, which is in turn
determined by the absorption, the quantum efficiency and the bandgap. As we will
see below, the VOC is also a function of the bandgap.
Unlike traditional inorganic solar cells, the photovoltaic effect in donor/acceptor
photovoltaics does not result from the formation of a p-n junction. Instead, photo-
generated electrons and holes are produced on opposite sides of the donor/acceptor
70
interface, leading to carrier concentration gradients that help drive photogenerated
carriers toward the electrodes. In order to gain an intuitive sense for how this process
works, we will arrive at simple estimates of the exciton concentration profile, carrier
concentration profile and internal electric field for a simple planar donor/acceptor
heterojunction device with typical material properties. These calculations are based
on the approximation that pure diffusion is the driving force for photovoltaic action,
although drift currents are certain to play a role, but not a dominant one. Finally,
we will describe our understanding of how VOC is produced by a donor/acceptor
heterojunction based device.
3.2 Absorption of light
We begin with the most fundamental physical process involved in the conversion
of light to electricity: the interaction between light and matter. We cover a few
important points regarding the nature of the solar spectrum and how light in absorbed
in a photovoltaic device.
3.2.1 Black-body radiation
The first key to understanding how to generate power from sunlight is to understand
the nature of light itself. Just over a century ago, light was considered to be a propa-
gating electromagnetic field whose properties were governed by Maxwell’s equations.
The wave theory of light was successful at explaining diffraction and interference, but
did not correctly predict the spectral dependence of light emitted from a glowing hot
body, termed a black body (because no light is assumed to be reflected or transmit-
ted). Under classical theory, the intensity of emitted light was thought to increase
at higher frequencies, in contradiction to experimental observations. In 1901, Max
Planck successfully modeled the black body emission spectrum by considering (incor-
rectly) the walls of the black body to be oscillating in quantized packets of energy.
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Planck’s law of black-body radiation is








where E(ν, T )dν is the energy per time per area emitted in the frequency range be-
tween ν and ν + dν, h is Planck’s constant, c is the speed of light, k is Boltzmann’s
constant and T is the temperature of the black body. Later in 1905, Einstein inter-
preted Planck’s model as indicating that light itself was quantized, with the energy
of a photon related to the wavelength or frequency of the light wave according to







where E[eV] is the photon energy in units of electron Volts, λ is the wavelength of
light and λ[nm] is the wavelength of light in units of nanometers.
3.2.2 Solar spectrum
The sun is the most famous black-body radiator, with an equivalent temperature of
5777 K. Spectral data provided by the American Society for Testing and Materials
(ASTM) is freely available on the web (http://rredc.nrel.gov/solar/spectra/
am1.5/). The reference spectrum used for photovoltaic performance evaluation is
the Air Mass (AM) 1.5 Global (G) 37◦ south facing tilt at an intensity of 100 mW
cm−2, an approximation of the average spectrum for the 48 contiguous states of the
United States when the surface normal of the solar cell is pointed toward the sun at
an elevation of 41.81◦ above the horizon. The ASTM data is given in the form of
spectral irradiance as a function of wavelength, plotted in Figure 3-2A, along with the
ideal black-body spectrum. Spectral irradiance is defined as the incident light energy
per second per area per ∆λ, the wavelength interval over which the light energy was
measured. The units of irradiance are [W m−2 nm−1].
In order to illustrate an important point about the risk of plotting spectra in terms
of wavelength, we have converted irradiance into photon flux (the number of incident
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Figure 3-2: The reference solar spectrum used for the evaluation of solar photovoltaics
as a function of wavelength (A) or photon energy (B), along with the calculated black-
body spectrum at T = 5777 K (dotted line).
photons per second per area, which has units of [sec−1 cm−2]). The photon flux is
plotted as a function of photon energy in Figure 3-2B. Notice that the two spectra
in Figure 3-2 don’t look anything like each other. The irradiance peaks at around
λ = 495 nm (sort of an aqua color) whereas the photon flux peaks at around E =
1.44 eV, which corresponds to λ = 861 nm, which is in the near infrared part of the
spectrum. What accounts for this difference and which spectrum is correct?
First, the spectral irradiance I(λ, T ) is not equivalent to the photon flux F (E, T )
I(λ, T ) 6= F (E, T ) (3.4)
because the units of the two functions are different, although both are attempting to
describe the same thing. The problem with spectral irradiance is that it depends on
the spectral linewidth ∆λ over which the incident power is collected by a monochro-
mator. Consequently, the units of I(λ, T ) contain a [nm−1] term. This is actually
a strange way to bin incident power – by the power per length of the light wave.
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Shorter wavelengths end up appearing as if they have higher power densities and the
peak of the solar spectrum artificially shifts toward shorter wavelengths. In contrast,
F (E, T ) is equal to the power detected at a given photon energy over ∆E, the range
of photon energies that corresponds to the monochromator linewidth. Therefore, the
units of energy in the numerator and denominator cancel, leaving F (E, T ) as simply
the number of photons at a given photon energy, without any distortion of the true
shape of the spectrum. Binning incident power in terms of photon energy makes
sense for solar cells and most other optical devices or optical phenomena that do not
depend directly on the diffraction of light. Thus, the peak of the solar spectrum is
not in the green, but instead in the infrared. Furthermore, it is advisable to plot
spectral data as a function of photon energy rather than wavelength in order to avoid
potential distortions that can be caused by the use of wavelength as a measurement
unit.
3.2.3 Beer-Lambert Law
Photons of a given energy incident on an absorbing material will interact with the
molecules in that material over a distance ∆x with a probability A0. The intensity
I0 of light in the material decreases by a factor of (1 − A0) as it passes through the
first layer of molecules, and again by a factor of (1−A0) for the second layer, and so
on. The total intensity I(x) will decrease with distance inside the film according to
I(x) = I0(1− A0)x/∆x (3.5)
where x = i × ∆x, and ∆x is the thickness of the ith layer of molecules. We can





where α is the absorption coefficient given by
α = − ln(1− A0)
∆x
(3.7)
Taking into account the dependence of α on photon energy gives the well-known
Beer-Lambert Law,
I(E, x) = I0e
−α(E)x (3.8)
Figure 3-3 shows a plot of light intensity versus thickness for a typical inorganic
semiconductor like silicon (Si) (which has an indirect bandgap), a typical quantum-
dot (QD) film and a typical conjugated polymer. Knowing α is handy for determining
the optimum thickness of the absorbing film in a photovoltaic. A good rule of thumb
is that the thickness should be on the order of 1/α, which is sufficiently thick to
absorb 63% of the incoming light on the first pass.














α = 1 x 103 cm-1
(Si)
α = 2 x 104 cm-1
(QD)
α = 2 x 105 cm-1
(polymer)




For cells whose thickness is less than 1/α, the intensity profile of light inside the
device can become more complicated due to optical interference effects. A strongly
reflecting back contact or a large index of refraction offset at one or more interfaces
will result in an optical field distribution that is governed by a standing wave pattern
within the device rather than a purely exponential decay, resulting in an absorption
spectrum that is different from the intrinsic material absorption [76].
In the case where an absorptive film is adjacent to a metal electrode, absorption
losses can occur because the optical field is forced to zero at the metal interface. To






can be inserted between the rear cathode and the absorbing material. Peumans et al.
pioneered this effort in small molecule organic cells, demonstrating an improvement
in external quantum efficiency (see below for definition) from ∼1% to ∼10% and
an increase in absorption by a factor of four compared to an identical layered stack
without a back electrode [40].
An even greater enhancement in absorption can be obtained by increasing the
path length of light through the absorptive medium. Either geometrical or wave
optic techniques have been studied and are thought to yield enhancements on the
order of a factor of 4n2. One well known geometrical approach is to use a Lambertian
scatterer at the front and/or back of a cell in order to randomly redirect light at an
angle through the cell. Alternatively, a V-shape substrate, where the length scale of
the grooves is much larger than the thickness of the device, has been used to achieved
multiple reflections [35]. Wave optic techniques have also been implemented, such as
the use of a photonic crystal at the back of a cell which serves diffract light at a sharp
angle across a broad range of wavelengths [6], and surface-plasmon based coupling,
which allows for absorption from an external antenna [77, 78].
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3.2.5 The Golden rule
One benefit of materials exhibiting localized states, like quantum dots and molecular
semiconductors, is that they often have much higher absorption coefficients than
materials with long range order like crystalline semiconductors, as shown in Figure
3-3. (In Section 3.3.8, we quantify the benefit gained by increased absorption in
donor/acceptor devices in terms of reduced restrictions on charge mobility.)
In quantum mechanics, absorption is thought of as a coupling between the ground
states and excited states of a material, perturbed by an electromagnetic field. The
probability of transitioning from an initial state with energy Ei to a final state with
energy Ef can be approximated by [79]
2pi
~
|〈i|H′|f〉|2δ(Ef − Ei ∓ E) (3.10)
where ~ is the reduced Planck constant, |i〉 is the wavefunction of the initial state,
|f〉 is the wavefunction of the final state, H′ is the perturbing Hamiltonian and
E is the energy difference between the initial and final state. The delta function
describes how energy is absorbed when transitioning from Ef to Ei and emitted when
transitioning from Ei to Ef . The term |〈i|H′|f〉|2 is the coupling strength between the
initial and final states and depends on the extent to which the initial and final state
wavefunctions overlap. In crystalline semiconductors, the overlap of the initial and
final state wavefunctions might be small, for example, if the final state is far-ranging
and the initial state is more localized. For quantum confined systems, the overlap
between in initial and final state wavefunctions will be greater because both states
are confined to the same location, resulting in stronger absorption.
3.2.6 Impurity concentration and cost
Increased absorption can be important for keeping manufacturing costs down for a
host of reasons, such as less material usage, shorter film growth times and a higher
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Table 3.1: Module cost trends for first, second and third generation PV. *denotes












crystalline-Si I 15 1.40* 5x103
amorphous-Si II 9 0.42* 104
CIGS II 13 0.33* >104
CdTe II 12 0.28* 5x104
Organics III >10? <0.3? >105





where N is the number of impurities in a film of thickness L, we want N < 1 in order
to prevent loss of charge at an impurity site. Therefore, a film of thickness L = 1/α
can tolerate
D = Nα3 (3.12)
yielding D = 1015 cm3 for an organic semiconductor with α = 105 cm−1 and N = 1
versus only D = 109 cm3 for c-Si with α = 103 cm−1. Thus, highly absorbing films
can tolerate much higher impurity densities without affecting performance, allowing
for more leniency (and less cost) in film qualities and material purification processes.
In Table 3.1, module costs are estimated for various photovoltaics by taking into
account material costs, capital costs and throughput considerations. Although many
factors are involved in determining module costs, projected costs tend to decrease
with an increase in the absorption coefficient, indicating that materials with greater
absorption tend to have a manufacturing advantage.
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3.3 Quantum efficiency
After photoexcitation and the production of free charge, transport of free charge to
the electrodes without charge recombination must occur in order to yield photocurrent
(Figure 3-4). The external quantum efficiency (EQE) is the number of electrons or




Incident photons @ Eν
(3.13)
The EQE is a product of both absorption and the efficiency at which absorbed
carriers are converted to electrons, called the internal quantum efficiency IQE. The
IQE is useful for understanding the efficiency of devices that do not absorb 100% of
the incident light. The expression for IQE is
IQE(Eν) =
Generated electrons
Absorbed photons @ Eν
(3.14)
and we can rewrite the equation for EQE as
EQE(Eν) = IQE × Absorption @ Eν . (3.15)
In principle, the EQE can reach 100%, although practically it is usually peaks around
80% for good quality devices. Reflection, absorption and transport losses can con-
tribute to reduced EQE.
Measurements of EQE are obtained at zero applied bias in order to ensure that
charge is generated without being aided or retarded by an external field. Nevertheless,
for an ideal photodiode, EQE should be independent of voltage in both reverse bias
and forward bias (except for biases approaching the bandgap, as we will see below).
Often, the wavelength dependence of photodetectors is given in terms of Responsivity
R instead of EQE. R is given by
R(λ) =
Photocurrent









Figure 3-4: Cross section of a photovoltaic device depicting excitation of an electron-
hole pair by incident light of energy hν and transport of the excited charge toward
the electrodes.






3.3.1 Multistep charge generation
We described earlier how semiconductors with localized states have an advantage as-
sociated with increased absorption. Now we’ll focus on the charge generation process
in these materials, which is inherently more challenging than for crystalline semicon-
ductors. In Figure 3-5, we’ve drawn a schematic outlining photocurrent generation
in a photovoltaic consisting of a donor/acceptor (D/A) heterojunction between a
predominantly hole-transporting layer (HTL) and electron-transporting layer (ETL).
Immediately following photoexcitation, the excited electron and hole are located
at nearly the same point in space with an initial separation r0 = 10 − 100 A˚ due to
the asymmetric geometrical arrangement of ground and excited state and/or excess
thermal energy. A strong coulombic attraction results between the excited charge,

















Figure 3-5: The charge generation process for material systems with localized elec-
tronic states and a donor/acceptor heterojunction.
constant. For r0 = 20 A˚ and i ≈ 3 − 4, the coulombic binding energy UEx ≈ 0.25
eV, which is much greater than kT at room temperature and prevents the charge pair
from separating into free charge in the bulk. Binding energies can range between 0.1
- 0.5 eV, depending on r0 and i. This bound electron-hole pair, called an exciton, is
often mobile and able to diffusive by way of a random walk hopping process toward
the D/A heterojunction. Exciton diffusion lengths are notoriously difficult to measure
[80], but tend to be in the range of 3 - 10 nm for most organic materials [40]. Upon
reaching the heterojunction, either the electron or hole will charge transfer across the
interface, depending on the energy level alignment between the ETL and HTL (Figure
3-6). The resulting geminate electron-hole pair is still bound across the interface in
what is called a charge transfer state. However, this state is less strongly bound than
an exciton in the bulk for two reasons, (1) the extra separation distance afforded by
the fact that the two carriers are confined to opposite sides of the heterojunction
and (2) the potential energy difference between ETL and HTL is converted during
charge transfer to kinetic energy, resulting in a larger r0 [81]. Once this geminate
charge transfer exciton successfully dissociates, the resulting free electron and hole



















Figure 3-6: Energy band diagram illustrating the four step photogeneration process
for a donor/acceptor (D/A) heterojunction.
The band diagram shown in Figure 3-6 displays the four critical charge genera-
tion steps outlined above. An expression for the external quantum efficiency can be
obtained by multiplying together the efficiency of each photogeneration step [40, 12]
ηEQE = ηα ηED ηCT ηCC (3.19)
where ηα is the absorption, ηED is in the efficiency of an exciton diffusing to the
heterojunction, ηCT is the efficiency of the charge transfer state having resulted in
free carriers and ηCC is the efficiency of the free carriers reaching the electrodes.
3.3.2 Exciton motion
The most widely studied impediment to high efficiencies in nanoscale materials is
the relatively short distance that an exciton can diffuse compared to the character-
istic length needed to absorb an appreciable amount of light. For a typical organic
molecule, the exciton diffusion length (LED) is 3 - 10 nm, whereas the typical absorp-
tion length (1/α) is around 100 nm - more than an order of magnitude away from the
condition that LED = 1/α, which would roughly correspond to a quantum efficiency
of unity (for a cell with adequate light trapping).
Much theoretical work has been done on the dynamics of exciton motion and
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dissociation in polymer and small molecule systems [82]. The exciton, being a charge
neutral species, can migrate from one molecular site to another irrespective of the
surrounding electric field. However, as fields exceed ∼ 106 V/cm (corresponding to
10 V across a 100 nm film), the Coulombic attraction between the electron-hole pair
is overcome, leading to field-assisted dissociation in the bulk, also called Onsager
dissociation [83]. In the absence of high electric fields, two processes account for the
ability of an exciton to hop from one molecule to the next: direct charge transfer
(Dexter transfer) or long range energy coupling (Forster transfer or Forster resonant
energy transfer). The rate of Dexter transfer is given by
r = r0e
−γ∆x (3.20)
where r0 is the wavefunction overlap term, γ determines the fall off of the wavefunction
overlap with distance and ∆x is the separation distance between the two states. The









where τrad is the radiative lifetime and RF is the Forster radius. In most molecular
systems, RF is on the order of 2 - 6 nm, whereas Dexter transfer is strictly a nearest
neighbor phenomenon. In order to further model exciton motion, many groups have
investigated more rigorous models which take into account the disordered nature of
energetic states in molecular systems, disordered arrangement of molecules in a film
and inhomogeneity in molecular-scale polarization [84, 85].
Despite the complexities of the precise mechanisms that govern exciton motion, we
can obtain a reasonable picture of how exciton transport affects device performance
by making some simple assumptions. Below, we treat excitons as an ensemble of
non-interacting particles undergoing diffusion by randomly hopping from one nearby
state to the next. We will neglect the dispersion (time dependence) of the diffusion
coefficient and differences in transition rates associated with varying energy levels
and distances between molecules.
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3.3.3 Exciton concentration
In situations with high illumination intensities, it is always important to check if
exciton-exciton interaction is likely. We can do this by estimating the density of
excitons at a typical intensity of light. Consider a film with an absorption coefficient
α and a bandgap Eg under solar illumination. The number of photons per area per
second incident on the film roughly equals σ = 1× 1017 s−1 cm−2 (see Section 3.4 for
how we arrive at this number). Multiplying by the fraction of photons absorbed in
the first molecular monolayer (of width ∆d) and dividing by ∆d gives the generation
rate G per unit volume. The maximum value for G will occur at the illuminated









For a quantum dot with α = 104 cm−1, then G = 1 × 1021 s−1 cm−3. Assuming
all excitons naturally recombine in the bulk without being quenched at an interface,
the exciton concentration p per unit volume is obtained by multiplying G by the
recombination lifetime τ
p = τG. (3.23)
For a typical quantum dot lifetime of τ ≈ 20 ns, we obtain p ≈ 2× 1013 cm−3. How
big or small is this number? Assuming a quantum dot occupies a volume of ∼(6
nm)3, then the concentration of dots per volume is ∼ 5×1018 cm−3. This means that
a maximum of only ∼0.0004% of dots will be occupied with an exciton at any given
instant. In a real device, this concentration will be even lower since most excitons
will be dissociated at an interface before recombining in the bulk. We conclude that
it is safe to ignore exciton-exciton interactions at typical solar intensities.
3.3.4 Exciton continuity equation
For the case of non-interacting mobile excitons, the continuity equation can be used to
obtain the distribution of excitons in a film. Once the exciton distribution is known,
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we can calculate the percentage of excitons that reach the dissociating heterojunc-
tion and ultimately figure out how the external quantum efficiency should vary with
thickness.
Taking a closed volume element ∂V , the rate at which excitons are accumulated
with time is equal to the number of excitons that are generated minus the number of
excitons that recombine, minus the number of excitons that flow out of ∂V [86]:
∂(p ∂V )
∂t
= G∂V −R∂V −
∫
F · dS (3.24)
where p is the number of excitons, G is the generation rate, R is the recombination
rate, F is the flux of excitons and the integral represents the number of excitons




= G−R−∇ · F (3.25)
In one dimension, the exciton population of the jth layer of molecules can be obtained



















for the recombination rate, we obtain a second-order linear ordinary differential equa-
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− pj + τGj (3.30)
which is the steady state exciton diffusion equation.
Exciton diffusion in a thick film
To obtain a simple solution to Equation 3.30, we can set Gj = 0 for all other layers





which describes the circumstance under which we illuminate only the jth layer and
examine the resulting exciton distribution everywhere else, shown in Figure 3-7. Once
we have found a solution for each independently illuminated layer, we can add up all
the solutions in order to obtain the total exciton population for the fully illuminated
film. The solution to Equation 3.30 for the case where the illuminated layer (the jth
layer) is located at x = 0 and LED is long compared to length of the film (boundary





where τr is the radiative or non-radiative exciton lifetime in the bulk. At a distance
x = d away from the illuminated layer, Equation 3.32 gives the number of excitons
that have not yet radiatively or non-radiatively recombined in the bulk. In other
words, the fraction of excitons that have not been lost to recombination is 1−e−d/LED .
For example, at d = LED/2, only 39% of excitons will still be in existence.
Exciton diffusion in a thin film
Ideally, we don’t want excitons to recombine before they reach a dissociating interface.
One might be tempted to think that if we put a dissociating interface at d = LED/2,








Figure 3-7: Exciton profile p for a thick film device with d  LED and a thin film
device with d   LED, both illuminated only at the jth molecular layer located at
x = 0.
making the active film thickness on the order of LED allows us to capture most of
the generated excitons before they recombine. To understand this, let’s look at the
exciton profile for the case where a dissociating interface is located at d LED.
Assuming that the distance between a dissociating interface and the illumination












where τD is the time constant for excitons to diffuse to the interface and undergo
charge transfer. If τD is dominated by the time to diffuse to the interface, τD can be





























It is interesting to note that the exciton concentration at x = 0 is different than what
we found in the previous section, where we assumed that only bulk recombination is














d LED (interfacial dissociation only). (3.38)
for the two cases examined so far. The exciton concentration will always be lower for
the case of interfacial dissociation because d < LED and the extra factor of 1/2. This
make sense because excitons must be more rapidly destroyed when they dissociate at
a nearby interface than when they simply recombine naturally, yet they are generated
at the same rate in both cases.
Exciton diffusion in films with thicknesses on the order of LED
In order to determine pj(x) in real devices, which often have film thicknesses on the
order of LED, we must solve Equation 3.31 for the boundary condition pj(d) = 0 when
some fraction of excitons recombine in the bulk and some dissociate at the interface.
The solution can become unwieldy when taking into account additional constraints,
like two dissociating interfaces on opposite sides of the absorbing film [87] or the
possibility of Forster transfer to an electrode [80]. In addition, interference effects
are often present and will modify the exciton profile. Therefore, it is common to use




The final step in the charge generation process is carrier collection. The flow of
electrons in low mobility materials with localized states and low dopant concentra-
tions can be approximated by the same transport equations that apply to traditional






(p− n) (Gauss′ law) (3.39)
Je = qnµeE + qDe∂n
∂x
(Electron current equation) (3.40)
∂n
∂t




(Electron continuity equation) (3.41)
where E is the electric field,  is the dielectric constant, p is the hole concentration, n
is the electron concentration, µe is the electron mobility, De is the electron diffusion
coefficient, G is the generation rate and R is the recombination rate.
Electron current is comprised of both drift and diffusion. The solution to the
current equation can be solved analytically for a few special cases [89], but usually
requires a numerical calculation [90]. In order to get a sense for the relative influence
of drift or diffusion in the carrier collection process in donor/acceptor heterojunctions,
we can start with the assumption that either drift or diffusion dominates current flow
and calculate the supposed carrier concentration and carrier transit time for each
process independently.
Carrier concentration and time response of pure drift currents
Using a typical incident photon flux of σ = 1× 1017 s−1 cm−2 from Section 3.3.3, the
current produced is J = −qσ = −16 mA cm−2, assuming a quantum efficiency of








where d is the thickness of the device and Esat and Vsat are the internal electric field
and internal voltage drop, respectively, required to obtain saturated photocurrent.
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For a typical mobility of µe = 10
−3 cm2 V−1 s−1, a thickness of d = 1/α = 1 µm and
a saturation voltage of Vsat = 0.1 V, we obtain n = 10
17 cm−3. This value corresponds
to ∼2% of quantum dots occupied by an electron, which is a fairly high concentration.
Why did we use such a low value for Vsat? In a situation where photocurrent is
dominated by drift, we need to be able to saturate photocurrent at a voltage that is
much less than the internal voltage driving photocurrent. Otherwise, fill factors will
be low (see Section 3.6). Open circuit voltages (VOC) are usually in the range of 0.5-1
V, so a reasonable fill factor (FF ) will require saturated photocurrent at only Vsat ∼
0.1 V (see Sections 3.5 for a definition of VOC).
In the case of pure drift currents, the transit time of electrons across a film is










Assuming an internal voltage of 0.5 V at zero bias, the photocurrent produced for
µe = 10
−3 cm2 V−1 s−1 and d = 1 µm would have a response time of τt = 20 µs.
Carrier concentration and time response of pure diffusion photocurrents
Calculating the carrier concentration under the sole influence of diffusion current is
more complicated. Fortunately, the continuity equation for exciton diffusion (which
we discussed in Section 3.3.3) is nearly identical to the electron diffusion equation
(except for a negative sign). Again, we exclude the possibility of interparticle in-
teractions. We solve the continuity equation for the case of electrons injected at a
fixed rate σ at one end (x = 0) of a film of thickness d and obtain the distribution
of electrons in the film for the boundary condition n(d) = 0 at the charge collecting
contact (which corresponds to efficient charge extraction).
For a device where the electron diffusion length is much smaller than the thickness
of the device (Le  d), electrons are lost to recombination before they are able to
travel the distance of the film. The electron concentration follows an exponential
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where De is the electron diffusion coefficient.
For a device where (Le  d), all of the injected electrons reach the charge collect-
ing contact. The electron concentration decays linearly with distance away from the
charge generating interface [86]:
n = − σ
De
(x− d). (3.45)
A typical diffusion coefficient De = 2.6 × 10−5 cm2 s−1 (which corresponds to µe =
10−3 cm2 V−1 s−1 in the example above) gives a value of n(0) = n0 = 2× 1017 cm−3
for the electron concentration at the charge generating interface. Since the average
value of n over the thickness of the film is the same as n obtained for drift-dominated
current, we cannot distinguish between the contribution from drift or diffusion to
carrier collection by simply knowing the amount of charge built-up in the device.
Alternatively, the time required for carriers to traverse the length of a device
can be used to distinguish between the relative contribution from drift or diffusion.
Integrating over the time for an electron to travel from the interface to the electrode






which does not depend on bias, unlike the drift transit time (Equation 3.43). For our
example device with d = 1 µm and De = 2.6× 10−5 cm2 s−1, we obtain τt = 200 µs,
an order of magnitude slower than the pure drift case.
When measuring the decay transients of photoexcited carriers, a diffusion-driven
photocurrent will flow only as long as a gradient in carrier concentration remains
intact. If both drift and diffusion are contributing equally to photocurrent, the time
response of the faster drift component will dominate because most carriers will be
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quickly swept out of the device by the electric field. However, if a large diffusion
gradient is present (at least an order of magnitude greater than the baseline car-
rier concentration), the drift current will not be large enough to degrade the carrier
concentration gradient and the slower diffusion component will dominate the decay
transients. In addition, only a slight voltage dependence of the decay transient will
be observed as long as the electric field strength is less than that required to prevent
carriers from diffusing to the electrode.
3.3.6 Effect of device structure
Diffusion of carriers away from a dissociating interface is more likely to be dominant
in thin devices with vertically segregated layers than in thicker devices with mixed
phases. For thin planar devices, charge carriers can easily form a concentration gradi-
ent between the interface (where carriers are produced) and the electrode (where they
are extracted). In mixed heterojunctions, free charge carriers are produced through-
out the composite film, resulting in a flatter concentration profile and hence a greater
reliance on the electric field to generate photocurrent.
Mihailetchi et al. [91] have observed that the magnitude of the photocurrent in
polymer blend devices is dependent on the magnitude of the electric field across the
electrodes. By using different cathode materials with different work functions, they
demonstrated that the photocurrent-voltage characteristics are identical when offset
by the built-in voltage drop produced by the electrode work function asymmetry.
However, the photocurrent produced using a gold electrode (roughly corresponding
to zero built-in electric field) is only 13% lower than when using a lithium fluoride
doped aluminum (LiF/Al) electrode, which produces a large built in potential of ∼
1 V. The contribution to photocurrent from diffusion effectively adds a voltage shift
of 0.6 V out of a total VOC of 0.9 V. Some believe that some form of vertical phase
segregation leads to such a large contribution from diffusion [92].
An even greater role for charge diffusion should be expected for planar donor/acceptor
heterojunctions. Many studies consider diffusion to be primarily responsible for
charge collection [93, 94, 90, 95, 89]. For example, Ramsdale et al. [93] measured
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VOC in a polymer bilayer device for a range of cathode and anode work functions and
found that a constant offset of 1 V could be ascribed to diffusion.
3.3.7 Electric field due to space charge
In describing the build up of carriers required to drive charge collection, we’ve ne-
glected the Coulombic attraction between opposite carriers built up across opposite
sides of the heterojunction. How large is the electric field at the heterojunction and
will it interfere with charge collection?
We can calculate the electric field and electric potential for photo-excited charges
diffusing away from a donor/acceptor heterojunction assuming a triangular distribu-
tion of charge shown in Figure 3-8 for the special case where n0 = p0. The charge




























where  is the dielectric constant. Using the same example as above with d = 1 µm,
n0 = 10
17 cm−3 and  = 6× 8.85× 10−14 F cm−1, we obtain E(0) = 1.5× 106 V cm−1.
This is a large number for the electric field. It’s equivalent to 100 V across a 1 µm
film! The potential drop from x = 0 to x = d can be calculated from Poisson’s
equation by integrating the expression for the electric field



























Again, for d = 1 µm and n0 = 10
17 cm−3, we obtain φ(d) = 50 V. Of course, we would
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Figure 3-8: Carrier concentration, charge concentration, electric field and electric po-
tential for a donor/acceptor heterojunction under illumination (A) without electrodes
and (B) with electrodes under short circuit conditions.
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that our example device with ηQE = 100% is non-physical. At some point, the
internal electric field will limit charge build up and induce drift currents that oppose
this voltage drop. In Section 3.5, we will describe why the open-circuit voltage is
ultimately limited by the semiconductor bandgap and the dark current.
In a real device with electrodes, the electric field and electric potential will be
affected by charge on the two electrodes which sandwich the donor and acceptor
layers. At zero bias, charge will accumulate on the electrodes in order to balance
out the voltage induced by the build up of photo-excited charge inside the device,
as shown in Figure 3-8B. Across the electrodes, the potential drop is forced to zero,
resulting in a reduced electric field across the interface and a hump in the electric
potential profile. Still, a sizable electric field remains at the heterojunction interface,
which indicates that the internal electric field will hinder diffusion, alter the carrier
distribution and reduce the charge collection efficiency. For the example device with
d = 1 µm and n0 = 10
17 cm−3, now we have E(0) = 106 V cm−1, which remains a
very large (and unrealistic) value.
3.3.8 Influence of mobility and absorption coefficient
The question arises as to whether efficient charge collection by diffusion in a planar
donor/acceptor heterojunction is physically achievable or simply impossible. Consider
the dependencies of Equation 3.50, which relates the carrier concentration and the
potential drop across the heterojunction. The carrier concentration (in turn given
by Equation 3.45) depends on the diffusion coefficient De (or the mobility µe) and
the thickness depends on the absorption coefficient by d = 1/α. Presumably, the
dielectric constant  is difficult to modify. Substituting n0 = σd/2De and d = 1/α,
we can obtain the following criterion for diffusion dominated charge collection:










< 1 V (3.51)
where φ(0→ d) is the potential drop across each semiconductor film, σ is the incident
solar flux and φ(0 → d) is arbitrarily set to be less than 1 V, which we consider to
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be a plausible voltage drop to overcome. In Figure 3-9, we plot α versus µe the
equipotential line in Equation 3.51 at three different solar intensities. The region
above the equipotential line is where charge collection can flow under pure diffusion
without excessive losses due to the internal field produced by built-up space-charge.
Therefore, the typical QD diffusion coefficient of De = 2.6 × 10−5 cm2 s−1 (µe =
10−3 cm2 V−1 s−1) used in the examples above would have to increase to something
in the range of De = 2.6 × 10−3 cm2 s−1 (or µe = 10−1 cm2 V−1 s−1) in order to
satisfy Equation 3.51. Likewise, the carrier concentration should always be less than
n0 = 10
15 cm−3, which corresponds to 0.02% of QDs occupied by a charge carrier.





















hν = 2 eV
Figure 3-9: Plot of absorption coefficient versus charge mobility at three different solar
intensities for the condition that the potential drop due to built-up charge diffusing
away from a planar donor/acceptor heterojunction is less than 2 V across the donor
and acceptor layers.
On the other hand, the cubic dependence of Equation 3.51 on the absorption
coefficient demonstrates the critical advantage gained by highly absorptive materials.
Increasing α by only factor of 5 results in more than a two order of magnitude
reduction in the potential drop due to built-up space charge. For a given material,
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the location of α and µ on Figure 3-9 (or simply the factor µα3) can be thought of
as a figure of merit for carrier collection efficiency.
3.4 Semiconductor bandgap
The bandgap Eg of the absorbing layer in a solar cell affects device efficiency in two
important ways: it determines what fraction of the solar spectrum is absorbed and
how much voltage can be generated.
3.4.1 Thermal relaxation
The energy level diagram in Figure 3-10 shows light absorbed across a semiconductor
bandgap at two frequencies, one with hν > Eg and with hν = Eg. In both cases,
an electron and hole are generated, but for hν > Eg, the electron rapidly lowers its
energy to Eg (on the order of picoseconds) by successively coupling to lower and lower
energy states. The extra energy hν−Eg is lost as thermal energy and, in the absence





Figure 3-10: Energy band diagram depicting excitation at energies above the bandgap.
For excitation energies lower than Eg, no absorption occurs. This poses a problem
for creating an efficient solar cell because the solar spectrum (Figure 3-11A) consists
of a broad distribution of photon energies - it’s a blackbody radiator at 5777 ◦C,
but missing narrow segments associated with absorption from elements in the earth’s
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Eg = 1.4 eV (direct)
























Eg = 1.4 eV
A B
Figure 3-11: Plot of the number of photons versus photon energy for the AM 1.5G
standard global spectrum (A), along with the absorption of a direct and indirect
bandgap semiconductor. In (B), plot of the total number of photons above a given
bandgap energy. The area in green represents the power that can be generated by a
semiconductor with bandgap 1.4 eV.
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atmosphere like water and oxygen (see Section 3.2.2). One may be tempted to think
that a lower bandgap is preferable since the solar spectrum peaks at a photon energy
of only 0.75 eV. In fact, a lower bandgap is subject to greater thermal losses due to
the relaxation of electrons from hν down to Eg. Consequently, an optimum bandgap
exists which balances the tradeoff between absorbing the greatest number of photons
and retaining the greatest amount of energy from each photon.
3.4.2 Determination of the optimum bandgap
In 1980, Henry [45] developed a simple graphical procedure for determining the opti-
mum bandgap for solar photovoltaics. First, one must calculate the total number of
photons with energies above a bandgap Eg by integrating the solar spectrum (Figure
3-11A) from Eg to infinity. Second, the energy produced by a solar cell with bandgap
Eg is calculated by multiplying the number of absorbed photons by Eg − 0.4 eV (in
the next section, we’ll explain why we must subtract 0.4 eV). The maximum efficiency
is then the ratio between the maximum energy produced for a given Eg and the area
under the integrated solar spectrum curve, as shown in Figure 3-11B. The maximum
efficiency is 31% for a bandgap of 1.4 eV and reduces to 6% for a bandgap of 0.5 eV
or 21% for a bandgap of 2 eV.
3.5 Open-circuit voltage
Along with light absorption and a semiconductor’s bandgap, the magnitude of VOC is
a third critical factor that determines the theoretical efficiency of a solar cell. There is
considerable debate as to the origin of VOC in donor/acceptor photovoltaics, although
the consensus is that the maximum VOC is limited by the energy level difference
between the highest occupied molecular orbital (HOMO) of the acceptor (HTL) and
the lowest unoccupied molecular orbital (LUMO) or the donor (ETL) (see Figure
3-6). One notable exception in the literature is a theoretical study by Nelson et al.,
who argue that the donor/acceptor energy gap indeed limits VOC , but only when
recombination at the donor/acceptor heterojunction is prominent [96]. According to
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Nelson, when recombination is low at the interface, the maximum VOC is limited by
Eg, as in conventional inorganic photovoltaics. This debate is especially important
considering that most donor/acceptor cells exhibit low VOCs, accounting for the single
greatest loss mechanism in efficiency. As background, we will cover the basics of how
voltage is generated by an idealized semiconductor film and then extend our discussion
to include two semiconductor films forming a donor/acceptor heterojunction.
3.5.1 Origin of VOC
A photovoltaic device generates a photocurrent Jphoto when illuminated. This pho-
tocurrent is produced much like a battery produces electrochemical current, except
carriers are generated electrochemically whereas a photovoltaic cell generates carriers
electro-optically. Jphoto is dependent on light intensity and typically independent of
applied voltage. An applied electric field usually does not influence the rate of pho-
ton absorption. In some cases, the rate of dissociation or charge collection can be
aided or hindered by an electric field, but we will ignore these effects for now. Most
photovoltaics also produce current in dark when bias is applied to the cell. The total
current under illumination is referred to as the light current,
Jlight(I, V ) = Jdark(V )− Jphoto(I) (3.52)
where the dark current Jdark depends on voltage V , and the photocurrent Jphoto
depends on intensity I. Since Jphoto is constant with voltage and Jdark increases
monotonically with voltage in forward bias, there exists a bias point where Jdark and
Jlight are equal and opposite. This bias point is called the open-circuit voltage VOC
and is equivalent to the condition where nothing is connected to the external leads
of the photovoltaic device. Physically, VOC is the voltage that a photovoltaic induces
across itself in order to exactly cancel the generation of photocurrent. The condition
for VOC can be written as
Jlight(I, VOC) = Jdark(VOC)− Jphoto(I) = 0 (3.53)
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Note that VOC will be dependent on intensity and the functional form of the intensity
dependence will follow the inverse function of Jdark. For example, if Jdark follows an
exponential voltage law (as do conventional photovoltaics),
Jdark = J0
(
eqV/kT − 1) (3.54)
where J0 is a prefactor, then the condition for VOC is
J0
(
eqVOC/kT − 1)− Jphoto(I) = 0 (3.55)





















Equations 3.56 and 3.57 accurately describe the light intensity dependence of VOC .
However, they do not fully reflect the fact that VOC will eventually saturate at high
intensities.
3.5.2 Limit to VOC for a single semiconductor slab
To determine the saturation limit to VOC , we can employ a detailed-balance model
that considers the temperature and bandgap of the solar cell. The following discussion
is a simplified adaptation of Queisser and Shockley’s [44] initial theoretical treatment
of the limiting efficiency of a solar cell.
First, consider a simple photovoltaic device consisting of a single semiconducting
film (Figure 6.2). In order to function properly, it must have the following three
special properties:
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• Electrons can only enter and exit the conduction band on one side of the semi-
conductor (we will assume this happens on the right side) and
• Holes can only enter and exit the valence band on the other side of the semi-
conductor (the left side)
• The semiconductor is contacted on the right by a reservoir of electrons and on
the left by a reservoir of holes
In practice, a built-in electronic asymmetry of some sort (such as a p-n junction,
heterojunction or Schottky junction) provides this one-way current flow behavior,












Figure 3-12: Simplified energy band diagram for a photovoltaic device consisting of a
single semiconductor film under illumination at an applied bias of (A) V ≤ VOC and
(B) V = VOC . Electrodes are not pictured and are assumed to be perfect reservoirs
of electrons and holes on the right and left side of the semiconductor, respectively.
We will make an additional assumption that the carrier concentration in the semi-
conductor and at the contacts is given by the Boltzmann approximation
n ' Nce−(Ec−EFn)/kT (3.59)
for electrons, where Nc is effective density of states in the conduction band, Ec is the
the energy level of the conduction band, EFn is the quasi Fermi level for electrons, k
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is the Boltzmann constant and T is temperature. For holes
p ' Nve−(EFp−Ev)/kT (3.60)
where Nv is effective density of states in the valence band, Ev is the the energy level
of the valence band and EFp is the quasi Fermi level for holes.
Balance of generation and recombination currents
When light illuminates the semiconductor, carriers are generated at a given generation
rate G, producing a photocurrent
Jphoto(I) = qG(I)d (3.61)
where d is the thickness of the semiconductor layer. When bias is applied to the
device, carriers are injected from the electrodes, raising the carrier concentration and
the overall recombination rate. In the absence of non-radiative recombination, the
only mechanism for current flow is by radiative recombination
R = Bnp (3.62)
where B is the material-dependent bi-molecular recombination constant. Therefore,
the dark current at all voltages is
Jdark(V ) = qR(V )d− qG0d (3.63)
where G0 is the thermal generation rate and R(V ) is the voltage-dependent radiative
recombination rate. The term involving G0 is included because, in the dark and at
zero bias, thermally excited carriers will produce a small amount of current. Under
illumination, the total current is obtained from Equation 3.52
Jlight(I, V ) = qR(V )d− qG0d− qG(I)d (3.64)
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Setting Jlight = 0 gives the relationship between generation and recombination at
VOC :
R(VOC) = G0 +G(I). (3.65)
This equation states that the recombination rate at VOC is determined by the to-
tal generation rate. This result is fundamental to all photovoltaics, provided that
parasitic leakage currents are small.
Note that the only voltage dependent quantity in the above equation is R(V ).
Therefore, for a given intensity and a fixed temperature, VOC will depend only on
the voltage dependence of R, which is exclusively linked to Jdark and not Jphoto.
This is a somewhat non-intuitive result, since it is customary to think of VOC as
directly determined by some aspect of the photogeneration process. For example, in
donor/acceptor photovoltaics, the energy lost during exciton dissociation (process 3
in Figure 3-6) is widely considered to directly cause a decrease in VOC . Also, the
flatband condition (indicating zero electric field) is commonly thought to occur at
VOC . In reality, the magnitude of VOC is not correlated to any of the steps in the
photogeneration process. Instead VOC can be completely predicted knowing only the
voltage dependence of Jdark. VOC should be simply thought of as the bias point at
which the photocurrent sourced by the semiconductor is subsumed by recombination.
VOC and carrier concentration
An equation for VOC can be obtained by considering the dependence of R on carrier
concentration and voltage. In the Boltzmann approximation, carriers in the semi-
conductor will recombine radiatively across the semiconductor bandgap with a rate
of
R(V ) = Bnp = BNcNve
−(Ec−Ev−EFn+EFp)/kT = Ke−(Eg−qV )/kT (3.66)
where we have used the fact that voltage is related to the quasi Fermi levels in the
semiconductor by qV = EFn − EFp and K = BNcNv is a material constant. Notice
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where n and p are the photogenerated electron and hole concentrations. Since np is
always less than NcNv, the second term in Equation 3.69 will always be positive, which
ensures that the maximum value for VOC is Eg/q at T = 0. At a finite temperature,
the magnitude of the second term in Equation 3.69 is often ∼ 0.4 V.
3.5.3 Limit to VOC in a donor/acceptor heterojunction
In a photovoltaic device consisting of a donor/acceptor heterojunction, the analysis
of the maximum VOC is similar to that in the previous section, except for a change
in the recombination mechanism, diagramed in Figure 3-13. Under applied bias, hole
injection into the hole transport layer (HTL) lowers the quasi Fermi level (EFp) in
the HTL while electron injection into the electron transport layer (ETL) raises the
quasi Fermi level (EFn) in the ETL. If recombination is allowed to take place at the
interface, the recombination rate is
R(V ) = Bnp = BNc,ETLNv,HTLe
−(Ec,ETL−Ev,HTL−EFn+EFp)/kT = Ke−(∆E−qV )/kT
(3.70)
where Nc,ETL is the effective density of states in the conduction band of the ETL,
Nv,HTL is the effective density of states in the valence band of the HTL, Ec,ETL is
the energy level of the conduction band in the ETL, Ev,HTL is the energy level of the
valence band in the HTL and ∆E = Ec,ETL − Ev,HTL. R(V ) is no longer a function
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of Eg, but instead depends on ∆E, the energy offset at the heterojunction. The
























Figure 3-13: Energy band diagram for a photovoltaic device consisting of a
donor/acceptor heterojunction under illumination at an applied bias of (A) V ≤ VOC
and (B) V = VOC . Electrodes are not pictured and are assumed to be perfect reser-
voirs of electrons and holes on the right and left side of the semiconductors, respec-
tively.
3.6 Fill factor
The fill factor is the last major device attribute that determines the efficiency of a
solar cell. It reflects the degree to which parasitic resistances or device non-idealities
hamper efficient operation of the cell.
The solar cell power efficiency is the ratio of electrical power produced divided by




































Figure 3-14: A solar cell is connected to a load resistor with the positive terminal
attached to the p-type (or HTL) side of the device, as shown in (A). The cell is most
efficient at the maximum power point on the i-v characteristic, shown in (B).
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impedance connected to the solar cell is chosen such that the output power is maxi-
mized. The current and voltage polarity conventions are shown in Figure 3-14A along
with a typical i-v characteristic in Figure 3-14B. The fill factor relates Vmax and Jmax










3.6.1 Equivalent circuit model under illumination
As discussed in section 3.5.1, photocurrent flows in parallel with the diode current
and therefore can be modeled as a current source in parallel with a diode in the dark,
as shown in Figure 3-15.






Figure 3-15: Equivalent circuit model for a photovoltaic device under illumination
including parasitic resistances.
The parasitic series resistance Rs is the resistance experienced by carriers as they
traverse the device from one electrode to the other. Rs should be as close to zero as
possible otherwise photocurrent at high intensities will be subject to resistive losses.
The parasitic shunt resistance Rsh is due to leakage pathways that bypass the built-in
rectification of the diode. Rsh should be large otherwise it will compromise the flow
of photocurrent away from the junction.
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3.6.2 Effect of series and shunt resistance on VOC
We used the Quite Universal Circuit Simulator (QUCS), available at http://qucs.
sourceforge.net, in order to characterize how Rs and Rsh effect the i-v character-















Rsh = 100 Ω Rs = 15 Ω
Rs = 10 Ω
Rs = 5 Ω
Rsh = 200 Ω
Rsh = 1 MΩ
Jdark
Jlight
Rsh = 200 ΩRs = 10 Ω
Figure 3-16: Simulated i-v characteristics for a diode in dark and under illumination
for varying shunt and series resistances.
From Figure 3-16, we find that both JSC and VOC are adversely affected by reduced
Rsh while changes to Rs only affect JSC and not VOC . Decreasing Rsh creates a
pronounced bias dependence below turn-on in dark that translates in light into a bias
dependence around 0 V, resulting in a reduced FF . Increasing Rs causes a reduction
in the diode current above turn-on. In light, the slope of the light current around VOC
is decreased, leading to reduced FF . It is important to note that VOC does not change
as Rs is varied. This result can be understood by inspection of the circuit diagram in
Figure 3-15. At Jlight = 0, no current flows through Rs, leaving the voltage measured
at the contacts equal to the voltage at the diode junction.
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3.7 Conclusion
This chapter has attempted to outline some of the major concepts relevant to the
physics of operation of donor/acceptor photovoltaics. The purpose of the chapter is
to build an understanding of the issues facing photovoltaic devices that rely upon
exciton dissociation at an interface and the diffusion of photoexcited carriers. The
key points stressed in the chapter are:
• The energy in the solar spectrum peaks at a wavelength of 861 nm, correspond-
ing to a photon energy of 1.44 eV.
• Photogeneration of charge in donor/acceptor photovoltaics occurs via a four
step process: absorption, exciton diffusion, exciton dissociation and charge col-
lection.
• In a typical device, the concentration of excitons at the heterojunction interface
is around 2× 1013 cm−3.
• For device thicknesses greater than the exciton diffusion length, the percentage
of excitons undergoing dissociation falls off exponentially with thickness.
• The transit time of free charge carriers traveling across a film under pure diffu-
sion is independent of voltage.
• The concentration of photoexcited carriers at the heterojunction interface must
remain below 1015 cm−3 in order to avoid excessive space charge build-up.
• An important figure of merit for an absorbing film in a donor/acceptor solar
cell is µα3.
• The optimum bandgap of a solar cell is 1.4 eV in the detailed-balance limit.
• VOC is set by the shape of the diode i-v characteristics in dark and not by any
aspect of the photogeneration process.
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• VOC is limited by the optical bandgap unless recombination at the heterojunc-
tion interface is severe, in which case the maximum VOC is limited by the energy
level offset at the interface.
• High series resistance can result in reduced fill factors and JSC , but will not
affect VOC .
From the analysis presented above, we expect an optimized donor/acceptor solar
cell to exhibit strong absorption (> 105 cm−1), high mobility (> 102 cm2 V−1 s−1),







So far we’ve introduced the basic motivational and theoretical principals underly-
ing quantum-dot and molecular-based donor/acceptor devices. In this chapter, we
describe the unique processes developed to fabricate and characterize these devices,
including the printing process used to deposit the quantum dot (QD) layer, the growth
of a transparent top contact electrode, implementation of a new method to determine
the compensation voltage and the measurement of device response time as a function
of bias.
4.1 Introduction
The fabrication challenge presented to us is the following: how does one build a reli-
able and reproducible device structure that incorporates a layer of solution deposited
QDs (often with poor uniformity and surface morphology) without shunting through
voids in the QD film? A further complication is that the short diffusion length for
excitons in the QD film requires film thickness to be on the order of one to ten QD
monolayers. At these thicknesses (6-60 nm), film defects or voids are nearly impossi-
ble to avoid, especially over large areas. A third complication is that the photocurrent
response from such thin films will be weak, requiring a device structure with especially
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Figure 4-1: Diagram of (A) the control device structure and (B) QD device structure
presented in this thesis.
We addressed the challenges mentioned above by first developing a control hetero-
junction diode without QDs that (a) exhibited low leakage currents and (b) did not
absorb in the spectral region where the QDs absorb light (Figure 4-1A). Once a diode
with adequate i-v characteristics was obtained, we built a device that included QDs
by incorporating them at the heterojunction of the control diode structure. Figure
4-1B shows a schematic of our final and most successful structure. It employs the
following sequence of layers:
• a conductive polymer (Poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate)
or PEDOT:PSS) as a planarization layer
• a small molecule (N,N′-bis(3-methylphenyl)-N,N′-bis-(phenyl)-9,9-spiro-bifluorene
or spiro-TPD) as a hole transport layer
• a colloidally-grown cadmium selenide (CdSe) QD layer that is printed onto
spiro-TPD as the absorbing layer
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• a sputter-deposited transparent top electrode consisting of indium-tin-oxide
(ITO) that function as both the electron transporting layer and top electrode
The end result is a device with diode characteristics that are largely determined by
the heterojunction between spito-TPD and ITO and a light sensitivity that is driven
by the QDs.
For characterization, we have implemented a state of the art testing set-up that
allows for complete device characterization under nitrogen. The set-up is capable
of taking i-v characteristics under illumination from an LED, wavelength-dependent
photocurrent measurements, bias-dependent photocurrent measurements and pho-
tocurrent transient measurements.
4.2 Fabrication
Device fabrication begins with ITO-coated substrates that are cleaned by ultrason-
ication in micro-90, deionized water, acetone and isopropanol for 5 minutes each,
followed by a one second oxygen plasma treatment. The oxygen plasma treatment
serves to remove hydrocarbon contaminants and further oxidize the ITO surface,
allowing for better wetting by the aqueous solution of PEDOT:PSS.
4.2.1 Spin-coated PEDOT:PSS planarization layer
Two PEDOT:PSS coating options are available from H. C. Stark (http://www.
clevios.com/), CLEVIOS P VP AI 4083 and CLEVIOS P VP CH 8000. Both
PEDOT:PSS variants are designed to be sufficiently conductive for OLEDs and solar
cells in the vertical direction, but sufficiently insulating in the lateral direction in
order to reduce the occurrence of “cross-talk” in small pixel matrix array displays.
CH 8000, with a conductivity two orders of magnitude lower than AI 4083, produces
better diode characteristics with lower leakage currents and is used exclusively in
devices presented in this thesis, unless stated otherwise.
60 µl of CH 8000 is spin coated onto ITO glass with a micropipette at 3000 rpm
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and and acceleration of 10 000 rpm. Removal of the CH 8000 film from the contact
pads around the edge of the substrate is perform with a cleanroom swab moistened
with deionized water. Next, substrates are transfered to a nitrogen glove box for
annealing at 200◦ C for 10 minutes. The remainder of the device growth occurs in
either a nitrogen atmosphere or under vacuum.
4.2.2 Vacuum growth and transfer system
Substrates are placed into a holder that is mated to a shadow mask with the desired
mask for the organic film pattern. The substrate holder assembly is directly loaded
from the glovebox into a vacuum transfer line, which has a typical base pressure
of 9 × 10−9 Torr. High vacuum is achieved in all chambers in the growth system
with a turbo pump and separate backing and roughing dry pumps. Movement of
substrates along the linear transfer line between chambers is performed with a linear
rail, cart and pulley system. Lateral transfer of substrates into each vacuum chamber
is accomplished with a linear motion vacuum transfer arm and fork.
4.2.3 Thermally evaporated spiro-TPD hole transport layer
Purified spiro-TPD is obtain from Lumtek (http://www.lumtek.co.tw). Thermal
evaporation is performed in a custom-built chamber containing six Luxel RADAK
furnaces. First, the temperature of the furnace is set to automatically ramp up to 90◦
C, which is just under the sublimation temperature of spiro-TPD. Unfortunately, the
temperature the furnace thermocouple is not the actual temperature inside the spiro-
TPD crucible. Therefore, deposition cannot be adequately controlled by monitoring
the temperature alone. Instead, a constant rate of deposition can be achieved by
maintaining the applied power at a steady value while monitoring the deposition rate
indicated by the crystal monitor. Since there is no cooling mechanism, care must
be taken to avoid overheating the crucible, otherwise deposition rates may spike and
remain elevated for an extended period of time. Typical evaporation rates are 0.2 -
0.3 nm/s and spiro-TPD film thicknesses are 80 nm, unless stated otherwise.
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4.2.4 Printed CdSe QD layer
Colloidally-synthesized CdSe QDs were obtained from David Oertel for the work de-
scribed in Chapter 5 and from Scott Geyer for the work described in Chapter 6. The
CdSe is formed by combining cadmium and selenium precursor molecules, together
with an organic stabilizing molecule that prevents aggregation of the CdSe nanocrys-
tal as they form. The crystal growth process is temperature activated and can be
abruptly halted by lowering the reactant temperature once the desired nanocrystal
size is obtained. For a full description of the nanocrystal growth process, see reference
??.
Following spiro-TPD deposition, substrates are transfered back to the nitrogen
glove box via the vacuum transfer line where a film of CdSe QDs is deposited onto






Figure 4-2: Steps involved in the QD printing process (A) using an elastomeric stamp
made of PDMS (B) which is optionally coated with an aromatic polymer parylene-C
(C).
The elastomeric stamps used for QD printing are made by casting polydimethyl-
siloxane (PDMS) that is cured at 60◦C for two hours to form an optically smooth
conformable surface, and then sectioned into 1 cm2 stamps. 60 µl of a chloroform so-
lution containing CdSe QDs, capped with oleate or trioctylphosphine oxide (TOPO)
groups and synthesized according to Jarosz et al. [67], is dispensed on the stamp,
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spun at 3000 rpm and allowed to dry under vacuum for at least 30 minutes (Figure
4-2), forming a thin QD film coating on top of the stamp. The coated stamp is then
pressed against the device stack, making contact first at one edge to minimize air
pockets trapped between the stamp and the substrate. The stamp and substrate are
then immediately separated, leaving the CdSe film adhered to the spiro-TPD.
4.2.5 Radio frequency sputter deposition of the ITO top elec-
trode
A magnetron sputter deposition chamber contains two electrodes, two magnets, a














Figure 4-3: Schematic diagram of RF-powered sputter deposition system.
The material to be deposited (the target) is placed on top of the cathode. The
chamber is filled with an inert gas such Argon (Ar) and several thousand volts is
applied across the electrodes, creating a plasma of equal numbers of positive Ar
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ions and free electrons. Magnets in the sputtering gun are designed to confine the
plasma to the area above the target, sparing the substrate from ion and electron
bombardment. When the plasma is struck, emission from the relaxation of excited Ar
ions can be seen through the chamber viewport. The positive Ar ions are accelerated
toward the target and, upon collision with the surface, dislodge atoms from the target.
The free atoms then travel throughout the chamber, coating all surfaces including the
substrate. In radio frequency (RF) sputtering, an AC field is applied to the target
and electrodes. The AC field is useful for sputtering insulating target materials that
will build up charge over a time scale of a couple of microseconds. An AC voltage
in the MHz range is faster than this build up, allowing for negative free electrons to
neutralize the surface and thereby maintain current flow. The amount of gas in the
chamber is controlled by the rate of gas flow into the chamber and the aperture of
the gate valve. The gas pressure must be high enough to sustain the plasma, yet low
enough that scattering does not prohibit free atoms from reaching the substrate.
In this work, the top ITO contact is RF sputter deposited with argon working gas.
A shadow mask is used to define an array of ten patterned electrodes. ITO sputtering
is performed at room temperature at a rate of 0.01 nm/s for the first 20 nm in order
to minimize damage to the underlying CdSe and TPD films. The remaining 80 nm
of the ITO film is grown at 0.07 nm/s.
4.3 Characterization
In order to test the device in nitrogen, we have designed a probe fixture and a mask-
ing system with ten individual devices per substrate. Each device is contacted by
way of displaced contact pads located on the periphery of the substrate. The probe
fixture allows us to contact the device inside the glovebox while keeping the testing
instrumentation outside of the glovebox.
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4.3.1 Patterning techniques
The bottom ITO layer is patterned with a photolithographic process (described in
Appendix B) into two parallel strips down the middle of the substrate and ten contact
pads on the periphery. CH 8000 is patterned by hand with a moist swab. The organic
and top ITO layers are patterned by shadow masking. The final device area of 1.21
mm2 is defined by the overlap between the top and bottom ITO electrodes. The
tolerance of the masking setup is well withing the limits of the substrate holder/mask






Figure 4-4: Schematic of overlaid patterned layers used to form an array of ten devices
on a single glass substrate.
4.3.2 Probe fixture
The probe fixture (Figure 4-6) is designed to house the substrate for testing and
to contact the device with spring-loaded gold pins, which are visible in Figure 4-5.
The gold pins contact the underlying ITO pads, which in turn are connected to each
device’s top electrode. In designing the fixture, care was taken to place the sample as
close as possible to the front face of the fixture, allowing the sample to be easily viewed
and illuminated from all angles. In addition, the process of inserting and removing
the sample was made as simple as possible in order to ensure that handling in the
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Figure 4-5: Image of a patterned QD device secured in the probe fixture.
glove box would be facile. This was accomplished with a simple latch mechanism and
spring loaded pins that serve to keep the fixture door firmly in place when closed.
4.3.3 Glovebox electrical feedthroughs and switch box
Testing all ten pads on a sample located inside a glove box creates a difficult mea-
surement challenge. We have developed a setup that uses a series of BNC electrical
feedthroughs along with a Keithley 7000 switch box in order to individually probe
each pad on a substrate, as shown in Figure 4-7. The sample is placed in a test box in
order to limit electrical noise and provide complete darkness. Voltage is sourced from
the source side of a Keithley 6487 and current is measured from the sense side. Note
that the HI and LO of the 6487 source and sense are electrically isolated. Since the
Keithley 7000 switch box is single pole, double throw (instead of the more convenient
double pole, single throw - which is apparently not available from any vendor), we
are left with a unfortunate dilemma: under applied voltage, all electrode pads on
a substrate will be biased even though current is measured only from one pad. To





Figure 4-6: Drawings of the probe fixture used to test photodetectors on half-inch
substrates.
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7000. However, this causes a sizable amount of hysteresis due to the large amount of
floating BNC shielding (the BNC cables are 2 meters long). Therefore, we use both
configurations depending on the testing situation.
When testing devices such as solar cells that produce a short circuit current, it
is not advisable to hook up the sense side of the Keithley 6487 to the common ITO
pad of the device. This will result in a measurement of the current from all ten pads
regardless of the switch box state.
4.3.4 Current-voltage characteristics under illumination
For i-v measurements in dark and under illumination, we have built a custom LabView
interface for the Keithley 6487, which is connected to the device as described above.
The light source is a green LED light engine from Lighting Science Group Corp.
(formerly Lamina) (http://www.laminaceramics.com/, powered by a Keithley 2400
at a drive current of 2 Amperes, unless stated otherwise. The LED is an 0.75” ×
1” array that is placed directly on top of the probe fixture and evenly illuminates
all pads on the 0.5” substrate. Spectra for the light engine at various drive currents
are measured with an Ocean Optics spectrometer and are plotted in Figure 4-8. The
spectral peak at a drive current of 2 A is λ = 521 nm, which corresponds to Eν =
2.38 eV.
The intensity of the LED is difficult to measure because the emission is not colli-
mated and the proximity of the LED to the test sample does not allow for the insertion
of a reference photodiode. Furthermore, our reference photodiodes (Newport 818-UV
or Thorlabs FDS100) begin to saturate at intensities near the intensity of the LED
at 2 A. Our most reliable calibration method is the following
1. Obtain a QD device with a linear photocurrent response with intensity, mea-
sured with a 10 mW green laser (Photonic Products).



















Figure 4-7: Schematic of electrical wiring for i-v measurements and automated switch-
ing between pads on a sample located inside our nitrogen-filled testing glove box.
124
3. Measure the quantum efficiency (QE) of the QD device at a low intensity (see
the next section).
4. Calculate the LED intensities by weighing the QD device QE with the shape
of the LED emission spectra and scaling the intensity magnitude to match the
QE measured at low intensity.
For the green Light Engine LED driven at 2 A, the above procedure results in an
intensity value of 50 mW/cm2, centered at Eν = 2.38 eV. This intensity is roughly
equivalent to the power contained in the visible part of the solar spectrum at one sun.























Figure 4-8: Normalized emission spectra at various intensities for the green Light
Engine LED used for measuring i-v characteristics under illumination.
4.3.5 Photocurrent spectra
Photocurrent spectra provide two important pieces of information about the operation
of a photodetector: wavelength dependence and quantum efficiency. We have built a
custom LabView-based program that interfaces with a monochromator and a lock-in
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amplifier, and coordinates the measurement of photocurrent at wavelengths in the
300 nm to 800 nm range of the electromagnetic spectrum. Quantum efficiency (QE)
is obtained by comparing the signal to that of a calibrated reference photodetector.
A narrow wavelength band of light is generated by a white Oriel Instruments
Xenon 1 kW arc lamp light source that is chopped by a Stanford Research Sys-
tems SR540 Chopper and focused onto an Acton monochromator. The second order
diffraction is removed using a series of six low-pass filters with progressively higher
cut-off wavelengths. The filter are loaded into a filter wheel that is mounted onto
the exit slit of the monochromator. As the monochromator is scanned from lower
to higher wavelengths, the filter wheel switches between filters in order to keep the
cut-off wavelength greater than 2λ of the first order diffraction. Mounted onto the
filter wheel is an optical refocussing assembly that couples light into a fiber optic
cable. The fiber optic cable is routed into the glove box and fixed in position above
the measurement sample such that the entire substrate is broadly illuminated.
The chopping frequency is output by the chopper to the Stanford Research System
SR830 DSP lock-in amplifier’s reference channel. The lock-in’s circuitry acts as a
narrow band filter, measuring only the current from the input signal that is oscillating
at the reference frequency. Thus, the lock-in amplifier provides a convenient way to
measure photocurrent while excluding electrical noise and stray signal due to the
room lights.
Illumination beam spot size: overfill versus underfill
There are two illumination techniques that can be implemented when measuring
photocurrent spectra: illuminate the entire device (overfill) or illuminate a small
portion of the device (underfill). The benefit of the overfill method is that multiple
devices on the substrate can be quickly measured without moving the position of the
light source or substrate. The drawback is that the area of the device must be known
precisely, otherwise an error in device area will translate into an error in the magnitude
of the QE. The benefit of the underfill method is that the illumination spot size is
smaller than the device area and therefore the QE is independent of the device area.
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The drawback is that it is difficult to align and optimize the position of the incident
beam for each electrode pad to be measured. In terms of measurement accuracy, the
overfill method has a greater tendency to overestimate the QE because the actual
device area may be bigger than the apparent device area, while the underfill method
has a greater tendency to underestimate the QE because the illumination beam spot
size may extend beyond the actual device area (for devices with small active areas).
For the underfill method, we use a collimating assembly (Princeton Instruments)
that focuses light from the fiber optic cable onto a spot size that appears to be
less than millimeter in diameter. To test the beam size, we performed the follow
experiment:
1. The spot size for our typical photocurrent setup was reduced from a diameter
of ∼ 0.06 cm to ∼ 0.02 cm by increasing the focal distance from the fiber outlet
to the first lens from 3” to 4”.
2. The spot location was scanned across the substrate and the photocurrent was
measured at each location.
3. A camera was set up off angle in order to take an image of the substrate at each
location. The distance from the spot to the edge of the device was measured
off of the image.
The experiment was performed on a QD device (071120-5-6) and a reference photode-
tector (ThorLabs FDS-100-CAL). Figure 4-9 shows images of the two device setups.
The photocurrent profile versus spot location, shown in Figure 4-10 does not
appear to differ significantly for the QD device or the photodetector. Presumably,
the reference photodetector has a sharp edge and the profile we see is due to the
broad width of the spot. The photodetector edge appears to be slightly less sharp
than the QD device edge. It is not evident why there is an increase in efficiency near
the middle of the QD device. The calculated geometrical overlap for two illumination
spot radii (assumed to have no blurring) are also shown in Figure 4-10. The apparent
spot radius size to the eye is 0.00415 in, while the best approximation of the actual
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Figure 4-9: QD device substrate with illumination directly on the active pad (left)
and ThorLabs detector with illumination reflecting off the side of the casing (right).
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spot size is 0.0166 in, four times as large. Note that the long tails of the profile are
not captured by the geometrical overlap model because blurring and stray light is not
taken into account. These tails are most likely due to stray light and blurring of the
actual spot.


















spot radius = 1.66e-2in





Figure 4-10: Illumination spot location versus distance from top electrode of active
device.
To summarize, the spot size is larger than the standard pad size, which will arti-
ficially reduce the measured quantum efficiency slightly. In Figure 4-11, we compare
QE measurements made with the both the underfill and overfill method. Indeed,
the overfill method produces higher efficiencies, although the efficiency at the first
absorption peak is similar. Both methods are used for QE throughout the thesis.
4.3.6 Photocurrent-voltage characteristics
At low intensities, weak photocurrent signals can be overwhelmed by the flow of dark
current under forward bias. To measure photocurrent signals under applied bias, we
measure the photocurrent directly using a lock-in amplifier while applying bias to
the device with a Keithley 6487. Illumination is provided by an electrically chopped

































Figure 4-11: EQE measured with overfill and underfill, together with absorption of
the whole device stack.
illumination is varied using a Newport circular variable metallic neutral density filter
wheel. The experimental setup is shown in Figure 4-12.
The Keithley 6478 is controlled by a LabView routine that applies a voltage to
the sample and waits one second for the lock-in to settle and another 0.5 seconds
while the lock-in takes a current reading. This process repeats until a full voltage
scan is completed. The resulting photocurrent versus voltage characteristics are less
sensitive to dark current and other noise than regular i-v measurements.
4.3.7 Photocurrent decay transient measurements
Measuring the time response of a photovoltaic to a pulse of light can be challenging
when the photovoltaic response time is fast and the measurement is performed in a
glove box. The following criteria must be met in order to ensure the accuracy of the
measurement:
• The time response associated with the testing circuit resistances and capaci-







Figure 4-12: Setup for photocurrent-voltage measurements.
• The capacitance of the device under test must not be large enough to dominate
the response time
• The light source response time must be faster than the device under test
• Drive electronics for the light source must be faster than the device under test
• The light source must be sufficiently bright to produce a measurable signal
• Signal amplification must be large enough to produce a measurable voltage on
the oscilloscope
Figure 4-13 shows the experimental setup used to measure photocurrent decay
transients. Illumination from a green LED (Atlas, Lighting Science) is focused onto
the sample, which is connected to a 400 Ω load resistor and a DC voltage source
(Keithley 6487). A noise filter with R = 1 kΩ and C = 0.1 µF is connected between
the DC voltage source and the sample in order to limit noise from the DC voltage






Figure 4-13: Setup for photocurrent decay transient measurements.
(Tektronix ADA400A) and oscilloscope (Tektronix TDS3054C). Voltage to the LED
is sourced by a Keithley 2400 and chopped by a power MOSFET driver wired to a
function generator (Agilent 33210A).
The circuit diagram in Figure 4-14 was used to simulate the RC time of the
setup in order to ensure that the response time of the circuit does not dominate the
response time of the measurement. The equivalent circuit of the differential amplifier
is drawn to the right of the point at which voltage is measured (labelled Vmeas) and
the equivalent circuit of a photovoltaic device is shown to the left of the Vmeas point.
The load resistor is labelled R3. The RC time constant of the circuit is predominantly
dependent on the capacitance of the diode and the resistance of the load resistor. A































Figure 4-14: Equivalent circuit diagram of a photovoltaic device connected to a load
resistor (R3) and a differential amplifier.
We can approximate the capacitance of our device from the formula for a parallel









where r1 and r2 are the relative static permittivities of the two dielectrics, 0 is the
electric constant, A is the area of the device and d is the thickness. For r1 = 3 for
organic materials, r2 = 6 for CdSe QDs, 0 = 8.85× 10−14 F cm−1, A = 0.0121 cm2
and d = 160 nm, we obtain C ≈ 100 pF. The simulated decay time constant for a
device capacitance of 100 pF and a load resistance of 400 Ω (as shown in Figure 4-14)
is ∼ 0.2 µs.
To test the fall time of light emitted by the LED, we used a ThorLabs (FDS-
100) detector with a quoted response time of 10 ns. The detector gives a decay time
constant of 0.1 µs when connected directly to the 50 Ω termination of the oscilloscope
and 0.25 µs when connected using the differential amplifier, as in Figure 4-14. The
time response limit of our setup appears to be in range of 0.2-0.3 µs.
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4.4 Conclusion
The fabrication process of the QD device structure presented in this chapter is note-
worthy in three important ways. First, the use of a non-desctructive printing process
to deposit the QD layer creates an abrupt, well-defined heterojunction interface be-
tween the QD layer and the underlying organic thin film. Second, the use of a
transparent top electrode allows for full-transparency below the band-edge of the
QDs and is expected to provide enhanced stability compared to low work function
metal electrodes often used in donor/acceptor photovoltaics. Third, the fabrication
process (after CH 8000 deposition) occurs entirely without exposure to atmosphere,
thus minimizing oxygen contamination and experimental variability due to moisture
exposure.
The characterization techniques described in this chapter have been implemented
nearly from scratch for the purpose of evaluating the devices presented in this thesis.
I-v characteristics and QE spectra are standard photovoltaic measurement techniques.
However, photocurrent-voltage characteristics are rarely measured in the literature,
yet their implementation constitutes a new method to determine the compensation
voltage, as we will discuss further in Chapter 6. Measurement of the bias depen-
dence of the photocurrent response time will play important role in understanding
recombination dynamics in our QD devices, also discussed in Chapter 6.
134
Chapter 5
Devices with an incomplete
quantum-dot film
The preceding chapter described the fabrication process of a bi-layer photovoltaic de-
vice consisting of a planar heterojunction between colloidal cadmium selenide (CdSe)
quantum dots (QDs) and a wide band-gap organic hole-transporting thin film of N,N′-
bis(3-methylphenyl)-N,N′-bis-(phenyl)-9,9-spiro-bifluorene (spiro-TPD) molecules. This
chapter will focus on our initial discovery that working devices with reasonable effi-
ciencies can be achieved even though the active light-absorbing film of printed QDs
is shown to be incomplete.
5.1 Introduction
For most of the devices presented in this thesis, the thickness of the QD film is kept
as thin as possible. Exciton diffusion lengths are expected be on the order of only a
couple of QDs in length (20 - 30 nm) and carrier transport across the QD film has
been shown to be limited by the insulating capping groups grafted on the QD exterior
[67]. Since the QD absorption coefficient is α ≈ 104 cm−1 (1/α ≈ 1 µm), most of the
incident light is transmitted through the 20 - 30 nm thick QD layer. Therefore, high
photocurrent densities should not be expected from photovoltaic devices made from
these thin layers. Instead, the ratio of the QD photocurrent relative to absorption
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(which is proportional the internal quantum efficiency (IQE), defined in Chapter 3)
is a better metric for evaluating how efficiently charge is generated by the QD film.
In the following discussion, we will demonstrate QD devices with reasonable IQEs
of ∼ 10% and external quantum efficiencies (EQE) that follows the absorption pro-
file of the QDs. In addition, we obtain two surprising results: (1) the QD device
produces a photovoltaic effect despite voids in the QD layer and (2) the open-circuit
voltage (VOC) of 0.8 to 1.3 V is exceptionally large for an architecture with symmetric
electrodes. To further investigate the origin of the high VOC , we examine the impact
of the printing process on the hole-transport layer (HTL) and construct comparison
devices with differing electrodes and molecular absorbing or charge transporting lay-
ers. With the evidence presented in this chapter, an argument can be made that both
the presence of QDs and the nature of the interface between the QDs and adjacent
transport and contact layers are responsible for the observed VOC .
5.2 Morphology of printed QD layer
As discussed in detail in Chapter 4, the device structure (shown in Figure 5-1(a)) con-
sists of the following sequence of films and thicknesses: ITO/poly(3,4-ethylenedioxythiophene)
poly(styrenesulfonate) (PEDOT:PSS) (100 nm)/TPD (100 nm)/CdSe/ITO (100 nm).
PEDOT:PSS (Baytron P VP CH 8000) is spin cast onto a 0.5 x 0.5 in2 glass substrate
with pre-patterned indium-tin-oxide (ITO) electrodes. The QD layer is deposited
from solution using the transfer printing method described in Figure 5-1(e). The
procedure is the following: (1) the CdSe suspension is spin cast onto a PDMS stamp
and allowed to dry, (2) the TPD-coated substrate and stamp are pressed together
and (3) the substrate and stamp are separated.
Unfortunately, the quality of the printed QD film is very poor, as can be seen from
AFM images of the surface of the QD film printed on top of TPD (Figure 5-1(d))
and optical micrographs of the completed device (Figure 5-2). On the microscopic
level, the valley and mesa morphology observed in the AFM images is consistent with























Figure 5-1: Diagram of (a) ITO/PEDOT/TPD/CdSe/ITO device structure, (b) CdSe
QDs with organic capping groups and (c) molecular structure of TPD. An AFM image
of the printed CdSe film is shown in (d) and a diagram of the steps involved in the
printing process is shown in (e).
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that the cracked regions are completely void of QDs, leaving the underlying TPD film
exposed to the top electrode. To the eye, film defects such as air bubbles, large streaks
and particulates are visible, as seen in Figure 5-2. In these optical micrographs, the
red coloration of the QD film can be seen around the perimeter of the rectangular
pattern of the stamp. In the region where TPD is deposited, light scattered from the
QD film and TPD layered stack appears blue. The vertically aligned pads are the top
ITO electrodes. The edges of the ITO pads appear brighter, possibly due to thinning







Figure 5-2: Optical micrographs of a sample QD device displaying several types of film
defects including voids due to trapped air bubbles, streaking caused by particulates
and cracking.
One might think that the images in Figure 5-2 appear to be the result of either
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aggregates in the QD solution, stray particulates or remnant organics on the surface of
the stamp. In reality, care was taken to rinse the surface of the stamps by pre-spinning
with chloroform and the QD solution was filtered through a 0.02 µm filter before
each deposition. Instead, the observed film morphology is due to the incompatibility
between the surface energy of chloroform and that of PDMS. This mismatch in surface
energy prevents wetting of the stamp by the chloroform, which results in patchy
regions where either no QDs are deposited or excess QDs are built-up and allowed to
aggregate.
On the micrometer scale, varying the concentration of QDs in chloroform produces
little change in surface morphology, provided the concentration is above a critical
value, as shown in Figure 5-3. At a dilution of 500 µl added to a stock solution of QDs,
small micron-sized islands of QD form on the surface. However, dilutions ranging from
250 µl to zero dilution result in nearly identical morphologies. A difference in step
height of the QD features does occur, ranging from 20 - 40 nm, but isn’t well correlated
with the concentration of the QD solution. It should be noted that these microscopic
images do not fully capture the macroscopic QD film quality (the thickness uniformity
and voids over large lengths scales) which may in fact dominate device performance.
Despite the apparent poor quality of the QD film, photovoltaic devices have been
successfully fabricated from theses films and will be discussed below.
5.3 Devices with varying size QDs
Amazingly, the partial coverage and rough morphology of the QD film does not ap-
pear to compromise the film’s ability to photogenerate charge, despite the fact that
incomplete films in photovoltaic devices are typically rendered useless by parasitic
shunting. Below, we demonstrate both working QD photovoltaic devices and the
ability to change the onset wavelength of absorption and photocurrent generation by
using QDs of varying size.
The EQE at zero bias is plotted in 5-4, along with the device absorption for


















































Figure 5-3: AFM images of the surface of QD films deposited on TPD. The top left
image is the surface of bare TPD. The QD feature height, QD absorption, dilution of
































































Figure 5-4: Quantum efficiency versus incident photon energy (solid line) and ab-
sorption spectra (dotted line) for ITO/PEDOT/TPD/CdSe/ITO devices with QD
diameters of 4 nm, 5 nm and 8 nm.
141
energies (E1) of 2.2 eV, 2.1 eV and 1.9 eV, respectively. The photocurrent spectrum
follows the QD absorption profile below 3 eV, yet is dominated by TPD absorption
and photoresponse above 3 eV. The magnitude of the quantum efficiency at the first
absorption peak of the QDs is low (∼0.3%), in part due to limited light absorption
(∼3%) in the very thin QD films.
From the transmission and reflection spectra of the completed devices we can
extrapolate the IQE to be approximately 9.9% at the first absorption peak for the
device with E1=2.2 eV, 8.4% for the device with E1=2.1 eV and 7.6% for the de-
vice with E1=1.9 eV. The observed decrease in IQE with band-gap may be due to a
decrease in electron transfer efficiency at the QD/ITO interface. The energy offset be-
tween the electron affinity of the QDs and the work function of ITO is approximately
0.2 eV, 0.1 eV and -0.1eV for E1=2.2 eV, E1=2.1 eV and E1=1.9 eV, respectively.
However, we note that none of the devices have been optimized and therefore may
not reflect the true trend with band-gap.
5.4 Thickness dependence of QD layer
In Section 5.2, we found that the micron-scale morphology of printed QD films is
not strongly affected by the concentration of QDs in solution used for deposition.
However, devices made from these same films differ significantly in the amount of
light absorbed. Furthermore, a sharp peak in EQE for a QD film absorption of 3
- 4% is observed, along with a monotonic fall-off in efficiency as the QD absorption
increases, as shown in Figure 5-5. Both EQE and IQE are measured at the peak
absorption peak on the QDs (in this case, E1 = 2.2 eV). The nominal thickness is
determined by (1) measuring the absorption spectrum of a completed QD device (2)
extracting the magnitude of QD absorption at E1 and (3) calculating the nominal
thickness using Beer’s law and a (previously determined) absorption coefficient of
α = 104 cm−1. The nominal thickness is not an accurate reflection of the actual step
height of the QD features, but simply an indication of the amount of QD loading in
the sample.
142
0 20 40 60 80





















LD = 80 nm
Figure 5-5: External quantum efficiency (EQE) (red squares, right axis) and internal
quantum efficiency (IQE) (green circles, left axis) for printed QD photovoltaic devices
with varying nominal QD layer thicknesses.
For QD layer thicknesses greater than the charge diffusion length, we expect the
charge collection efficiency to fall off exponentially. Assuming charge diffusion is
the dominant collection mechanism, a solution to the continuity equation yields an
exponentially decreasing carrier concentration with distance away from the charge
generating interface (see Section 3.3.5). In Figure 5-5, we fit the EQE for thicknesses
greater than 20 nm to an exponential and obtained a diffusion length of ∼ 80 nm.
However, the fit is not perfect and the decrease in EQE could be fit equally well to a
linear decrease. A number of complicating factors confound our analysis of the data in
Figure 5-5. For example, data points for thickness greater than 40 nm are obtained
from a different device run, which introduces the possibility of a systematic offset
in efficiency between the two data sets. In addition, the quoted nominal thickness
does not necessarily indicate the length that charge must travel in order to reach an
electrode, given the inhomogeneous morphology of the QD film.
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5.5 Tolerance to voids in the QD film
The current-voltage characteristics for both ITO/PEDOT/TPD/QD/ITO and a con-
trol device without QDs (ITO/PEDOT/TPD/ITO), shown in 5-6, help to explain
why voids in the QD film do not interrupt photocurrent generation. Under forward
bias, current flow in the dark (Jdark, drawn in black) is due to electron injection at the
ITO electrode, hole injection at the PEDOT electrode and charge recombination at
the junction interface. Under illumination, photocurrent flow (Jphoto, drawn in grey)
occurs by absorption and charge excitation in the QDs, followed by hole transfer to
TPD, electron transfer to the ITO electrode and hole migration toward the PEDOT
electrode. In the absence of additional current pathways, Jdark and Jphoto must be
equal and opposite at VOC . No light response at 532 nm is observed for the device
structure which does not contain QDs.







































Figure 5-6: Semi-logarithmic plot of the i-v characteristics in the dark (dotted
line) and under illumination at wavelength λ = 532 nm, 50 mW/cm2 (solid line)
for ITO/PEDOT/TPD/QD/ITO (QD diameter of 4 nm) and i-v characteristics for
ITO/PEDOT/TPD/ITO (dashed line) in the dark. The inset schematic illustrates
the two most prominent current flow pathways at a bias point of VOC , dark current
(Jdark) and photocurrent (Jphoto).
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In the control structure without QDs, hole injection in forward bias at the PEDOT
electrode can support higher current densities than hole injection in reverse bias at
the top ITO electrode. With the addition of the QD layer, the forward bias current
increases, which can be attributed to a new conduction pathway: electron injection
from ITO to the QDs and recombination with holes across the heterojunction inter-
face (see inset, 5-6). Under illumination, charge generated in the QD film contributes
to photocurrent (Jphoto) in both reverse bias and forward bias, as expected based on
the favorable alignment of the energy bands. However, one would expect the presence
of voids in the QD film to disrupt charge generation because a parasitic recombination
pathway should be available for photo-excited holes to transfer from the QDs to the
TPD and back to the top ITO electrode, resulting in a loss of photogenerated charge.
The relative insignificance of this recombination pathway implies that coupling be-
tween holes in the TPD and conducting states in the ITO is inefficient. This result is
consistent with the observation of a hole-blocking contact between the ITO and TPD
by Shen et al. [97].
5.6 Observation of exceptionally large VOC
The VOC of 0.8 V is significantly higher than expected considering the small work
function difference of 0.4 eV between the PEDOT (5.2 eV) and ITO (4.8 eV) elec-
trodes or the energy offset between the electron affinity of the QDs (4.6 eV) and the
ionization potential of TPD (5.4 eV), which amounts to an offset of 0.8 eV. Neither
a Schottky device model, where the maximum VOC is determined by the difference
between electrode work functions [19, 98], nor a donor/acceptor model, where the
maximum VOC is determined by the difference between the electron affinity of the
acceptor and the ionization potential of the donor [99], can fully account for the ob-
served VOC . Furthermore, it is unlikely that the VOC of 0.8 V is fully saturated given
the low photocurrent densities obtained at short circuit.
The high VOC can be ascribed to two factors: low Jdark due to the rectifying
TPD/ITO heterojunction, and diffusion of photo-excited carriers away from the het-
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erojunction interface [93, 94]. However, a large diffusion current requires a build-up of
space charge at the heterojunction interface, which can only be accomplished if rates
of recombination are much lower than rates of charge extraction. In our structure,
hole transfer at the QD/TPD heterojunction and electron transfer at the QD/ITO
heterojunction increase charge build-up (and add to Jphoto), while recombination at
these interfaces decreases charge build-up (and reduces Jphoto). Therefore, the large
VOC must be associated with reduced interfacial recombination relative to rates of
charge extraction [100].
The physical mechanism responsible for the favorable balance of charge extrac-
tion and recombination rates could be the presence of insulating organic capping
groups on the QDs, which serve to passivate the QD surface and suppress parasitic
recombination processes. In particular, the spatial separation between electrons and
holes confined at the TPD/QD or QD/ITO interface reduces the wavefunction over-
lap between opposite charge across the heterojunction, resulting in less interfacial
recombination, higher carrier concentrations, higher Jphoto and higher VOC .
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Figure 5-7: Open-circuit voltage (VOC) as a function of the QD absorption and nom-
inal film thickness.
Measurement of the VOC obtained for devices made from QD films deposited from
QD solutions of varying concentrations demonstrates that the magnitude of VOC is
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not inherent to the device structure (Figure 5-7). Instead, VOC remains constant at
∼ 0.8 V over a narrow range of thicknesses from 25 - 40 nm and an anomalous data
point at 60 nm reaches a 1 V. For QD films with nominal thicknesses below 25 nm,
it is possible that the decrease in VOC is due to insufficient surface coverage, allowing
voltage to be compromised by the presence of voids, which do not produce voltage.
Even though voids in the QD film do not completely shunt the photocurrent at the
heterojunction, they may affect the relative rates of recombination or extraction. It
is interesting to note that the surface of the QD film corresponding to the device
with VOC of 1 V is the only device with a QD film that is more or less free of major
cracks and non-uniformities. In the next chapter, we will explore the effect of surface
coverage on VOC .
5.7 Thickness dependence of the hole-transport layer
In order to understand the role of the hole-transport layer (HTL) in our device struc-
ture, we build a series of devices with different HTL thicknesses ranging from 11 to
103 nm and measure the following properties:
• The current in dark at -0.5 V (Jdark) (indicates the level of leakage current)
• The current in light at 0 V (Jlight) (indicates the efficiency of charge generation)
• VOC
• The compensation voltage (V0) (indicates the maximum obtainable VOC)
• The slope of the normalized light current near 0 V (Vshunt) (indicates the mag-
nitude of shunting relative to Jlight)
In Figure 5-8, the i-v characteristics of a device with a spiro-TPD thickness of 80
nm is shown, along with the points on the plot where VOC , V0 and Vshunt are extracted.
V0 is obtained by subtracting Jdark from Jlight and determining the intersection point
with the voltage axis. Vshunt is obtained by fitting the slope of Jlight around V = 0
and determining the intersection point with the voltage axis. We can also extract
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Figure 5-8: I-v characteristics in dark (Jdark), in light (Jlight) and the photocurrent
(Jphoto = Jlight − Jdark) for a QD device with a spiro-TPD thickness of 80 nm.
Jdark at a bias of -0.5 V as a way of evaluating the magnitude of parasitic leakage
currents and Jlight at a bias of 0 V, which is proportional to the EQE.
In Figure 5-9A, Jdark is given as a function of spiro-TPD thickness for devices
with and without a QD film (see Figure 4-1 for device structures). We observe
behavior that is consistent with damage of the underlying spiro-TPD film during QD
deposition. In reverse bias, Jdark should be low for a properly functioning diode, as
electron injection into spiro-TPD is blocked at the PEDOT:PSS electrode and hole
injection into the QDs is blocked at the top ITO electrode. The control device without
QDs shows low leakage for all thicknesses except for the thinnest film. However,
once QDs are deposited on top of the spiro-TPD films, leakage currents increase
by nearly three orders of magnitude, up to spiro-TPD thicknesses of 60 nm. For
thicknesses greater than 60 nm, the leakage current is identical to that of the control.
There are two likely explanations. First, PDMS is known to swell when exposed
to organic solvents. During printing, it is possible that remnant solvent is released
from the PDMS stamp and left to partially dissolve the spiro-TPD film. Second,












































Figure 5-9: Summary of results for devices with varying spiro-TPD thicknesses.
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film by contacting and releasing with a PDMS stamp. At voids in the QD film, the
PDMS stamp may be able to contact the spiro-TPD, remove portions of the film and
subsequently cause leakage through these thinned regions in the spiro-TPD.












































Figure 5-10: Effect of spiro-TPD thickness on the external and internal quantum
efficiency, measured at E1 = 2.1 eV.
Measurements of the short-circuit current under illumination (Jlight) for devices
with QD layers demonstrate that changing the spiro-TPD thickness does not affect
the photocurrent efficiency. On first inspection, it appears as if Jlight is reduced for
samples with either the thinnest or thickest spiro-TPD film. However, plotting the
EQE and IQE versus QD absorption (Figure 5-10) illustrates that the origin of lower
efficiency is instead due to unintended variation in the thickness of the QD films. Both
the EQE and IQE follow a consistent trend with thickness (similar to that in Figure
5-5) with the 11 and 103 nm spiro-TPD devices having reduced efficiency due to the
increased thickness of their respective QD layers.
Eliminating leakage currents appears to be a critical factor in obtaining high
VOC and non-shunted devices, as seen in Figure 5-9B. Once the spiro-TPD is made
sufficiently thick to avoid film damage and high leakage, both the shunt resistance
and VOC increase. The VOC for the device with the thickest spiro-TPD film (103
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nm) is now 1.3 V. It is important to note that the resistance of the spiro-TPD layer
increases with thickness, but this increase in resistance cannot explain the increase
in VOC . From our discussion of the circuit model of the ideal diode in Section 3.6.2,
we know that changing the magnitude of the series resistance does not affect VOC .
If reducing leakage currents is so critical to obtaining high VOC , the question
remains: can we simply continue to increase the spiro-TPD thickness and obtain
increasingly large VOC? To answer this, we can look at the effect of spiro-TPD
thickness on the compensation voltage V0 (the voltage at which the photocurrent
goes to zero). V0 represents the maximum VOC attainable if (1) the dark current is
somehow fully suppressed or (2) the illumination intensity is made infinitely bright.
We measure V0 directly (by measuring the photocurrent versus bias with a lock-in) or
from the i-v characteristics (by finding the bias point where Jlight=Jdark). From Figure
5-9B, it can be seen that VOC approaches V0 with increasing spiro-TPD thickness.
However, at 103 nm, VOC is nearly equal to V0, and presumably will remain so for
even thicker films. In the next chapter, we will investigate V0 in more detail and
explore ways to further increase V0 and VOC .
5.8 Alternative device structures
Our QD device architecture differs significantly from other popular donor/acceptor
photovoltaic structures in the literature. For the first time, we have (1) fabricated
a device that employs QDs as the primary absorbing species in a heterojunction
configuration and (2) have employed a transparent top ITO electrode. In addition,
our use of a transparent HTL is uncommon. In order to understand the origin of high
VOC , we have constructed a series of devices which attempt to isolate the particular
material or interface that is responsible for the increase in VOC . The following four
sets of devices are investigated:
• The electron transport layers (ETLs) 1,4,5,8-naphthalenetetracarboxylic dian-
hydride (NTCDA) or perylene-3,4,9,10-tetracarboxylic dianhydride (PTCDA)
are inserted at the QD/ITO heterojunction in order to evaluate the role of the
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QD/ITO heterojunction.
• The top ITO electrode is replaced by silver (Ag) or bathocuproine (BCP)/Ag
in order to determine if ITO itself is critical to high VOC
• The QD layer is replaced by bisbenzimidazo[2,1-a:2′,1′-a′]anthra[2,1,9-def:6,5,10-
d′e′f′]diisoquinoline-10,21-dione (PTCBI) as an alternative absorbing species in
order to determine if the QDs are necessary for high VOC .
• Spiro-TPD is replaced by the more commonly used copper(II) phthalocyanine

































Figure 5-11: Energy levels for the organic molecular semiconductors used to investi-
gate alternative device structures.
In Figure 5-11, we plot the energy levels of the alternative organic molecular
semiconductors used in this study. In Table 5.1, we list the complete device structures
and their measured compensation voltage V0 and short-circuit current JSC . In Figure
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Table 5.1: Summary of device structures, compensation voltages V0 and short-circuit
currents JSC . Illumination is at an intensity of 50mW/cm
2 and λ = 521 nm.
Device structure V0 [V] Jsc [mA/cm
2]


















5-12, we plot the values of JSC versus V0 for each structure. We attempt to keep
the QD thickness in the 40 nm range. The thickness of the NTCDA and PTCDA
ETLs, and BCP is 10 nm. The thickness of the PTCBI absorbing layer is 20 nm.
The thickness of CuPc and C60 is 40 nm.
We find that the inclusion of an organic small molecule as HTL, absorber or ETL
invariably results in the reduction of V0. The only device modification that retains the
original V0 is the use of a BCP/Ag electrode as a replacement for ITO. These results
imply that the use of any organic molecular semiconductor is incompatible with high
V0, unless the molecular semiconductor has a wide bandgap. PTCDA, PTCBI and
CuPc have bandgaps of 2.2, 2 and 1.7 eV, respectively, while spiro-TPD and BCP
have bandgaps of 3 and 4.7 eV, respectively (NTCDA is an exception, with a bandgap
of 3.3 eV, although this material is extremely conductive and may be adding dopants
to the device). When PTCBI is used as an absorbing layer in a device with the
same device architecture as our QD structure, V0 is still significantly reduced. This
reduction occurs even though the energy levels and bandgap of PTCBI are similar to
those of CdSe QDs. Finally, the inclusion of a QD layer into a standard CuPc solar
does not improve V0 and, in fact, results in a reduction in V0.
These results are clear evidence that the CdSe QDs are responsible for high V0,
but only when allowed to form a heterojunction with a transport layer or electrode
that is compatible with high V0. Both the QDs themselves and the interfaces be-
tween the QDs and the transport or electrode layers must be lacking defects, midgap
states, triplet states or recombination centers that can enhance recombination and
in turn lower V0. The presence of QDs alone is insufficient to neutralize interfacial
recombination centers responsible low V0 and VOC . The fact that the energy levels
are similar for the QDs that produce high V0 and the molecular semiconductors that
produce low V0 can be interpreted as evidence that the alignment of energy levels in a
donor/acceptor device is less important than the particular recombination mechanism






























































Figure 5-12: Plot of short-circuit current JSC versus compensation voltage




5.9 Long term stability
The ability to generate a large open-circuit voltage without the need for a low work
function electrode should lead to improved reliability in solar applications. Indeed,
devices stored either in air or a nitrogen glove box exhibit a remarkable shelf life,
with no decay in short-circuit current and only a 10% decay in open-circuit voltage
after more than a year. Figure 5-13 shows a device stored in a nitrogen glovebox that
is nearly as efficient on the 285th day after being manufactured as on the fourth day.
Some reduction in the diode turn-on voltage is observed, as well as a slight increase
in JSC .













Figure 5-13: I-v characteristics for a typical QD device tested 4 days and 285 days
after its date of manufacture.
5.10 Conclusion
The bi-layered heterojunction photovoltaic structure presented in this chapter consti-
tutes our initial attempt to reveal the underlying physics responsible for charge gen-
eration in nanostructured photovoltaics containing colloidal QDs. The organic/QD
bilayer structure is shown to generate photocurrent from absorption in the QD film
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and to accommodate different size QDs. Physical voids in the QD film are observed,
but do not interrupt the generation of photocurrent or photovoltage. The high VOC
and negligible shunting are attributed to the hole-blocking character of the top ITO
contact and low rates of interfacial recombination.
In order to increase device efficiency, thicker QD films with improved conductiv-
ity and greater absorption must be implemented. Because the QD film is printed
and the overall device structure is transparent, advanced multi-layered photovoltaic
architectures should be achievable, such as stacked solar cells. Finally, the ability to
define the spectral response of the device by choosing the QD size is useful for both




High open-circuit voltage in
devices with a uniform quantum
dot film
The previous chapter presented our result that a high open-circuit voltage (VOC) of 0.8
V can be achieved in quantum-dot (QD) devices even though the QD film is extremely
thin and incomplete. In this chapter, we demonstrate that even greater VOC (up to
1.3 V) is obtained when the QD film morphology is smooth and complete. Evidence
from the bias dependence of the photocurrent, photocurrent transient measurements
and electroluminescence suggests that the high VOC originates from (1) low dark
current due to suppressed recombination in the device and (2) a diffusion-driven
photocurrent mechanism that is relatively impervious to applied bias. A study of the
thickness dependence of the QD layer reveals that charge generation is most efficient
when the QD layer is kept optically thin, at a thickness of only 50 nm.
6.1 Introduction
In the introduction to this thesis (Chapter 1), we explained that a major obstacle to
commercially viable donor/acceptor heterojunction solar cells is their unfortunately
low solar conversion efficiency. The primary cause of low efficiency is low VOC , which
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is only ∼ 40% of the detailed-balance limit, whereas the quantum efficiency is ∼ 75%
and the fill factor is 66% (for one of the best cells listed in Table 1.1, the so-called
“bulk-heterojunction” solar cell). At present, the limit to VOC in donor/acceptor
photovoltaics is thought to be the energy level offset between the highest occupied
molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) at
the donor/acceptor heterojunction, as described in Section 3.5.3.
In this chapter, we present a heterostructure photovoltaic device with a notably
large VOC reaching 1.3 V for a bandgap of Eg = 2 eV. As in the previous chapter,
the device consists of a discrete heterojunction between a thin film of colloidally-
grown cadmium selenide (CdSe) quantum dots (QDs) and the wide-bandgap hole-
transporting molecular film N,N′-bis(3-methylphenyl)-N,N′-bis-(phenyl)-9,9-spiro-bifluorene
(spiro-TPD), shown in Figure 6-1(A).[101] The QD film is responsible for absorption
of incident light, while the transparent spiro-TPD film provides hole transport to
the PEDOT:PSS electrode. Deposition of the QD film is accomplished using a con-
tact printing method that employs either a bare polydimethylsiloxane (PDMS) stamp
(Figure 6-1B) or a PDMS stamp coated with the polymer parylene-C (Figure 6-1C).
Atomic force microscopy (AFM) images of the surface of the printed QD films show
a cracked surface when films are printed from bare PDMS and a smooth surface for
films printed from parylener-C coated PDMS.[71] In order to achieve a high VOC of
1.3 V, we find that the QD layer must form a complete and uniform film, otherwise
VOC is limited to ∼ 0.8 V by elevated dark current in forward bias. The large VOC
is remarkable because it greatly exceeds the energy level offset between the HOMO
of the hole donor (QDs) and the LUMO of the hole acceptor (spiro-TPD), expected
to be ∼ 0.6 eV (Figure 6-7). Furthermore, the built-in potential (ΦBI) between
the PEDOT:PSS-coated ITO anode and the top-contact ITO cathode is also much
smaller than VOC , at ∼ 0.4 eV.
Measurements of electroluminescence from the QD layer, the bias dependence of
the photocurrent, and the bias dependence of photocurrent transients lead to the
conclusion that the high VOC is due to impeded recombination at the spiro-TPD/QD
heterojunction and a diffusion-driven photocurrent mechanism. Our results suggest
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that efficient QD photovoltaic cells with high VOC are attainable and that the maxi-
mum VOC of donor/acceptor photovoltaics in general can be substantially higher than
previously thought.
6.2 Morphology of printed QD film
Figure 5-1D illustrates the contact printing process employed to non-destructively
deposit the QD film onto the spiro-TPD transport layer. The four steps involved in
the printing process are (1) spin cast the QD solution onto the stamp, (2) dry the
stamp under vacuum for 30 minutes, (3) bring the substrate and stamp into contact
and (4) release. A drawback of this method is that voids in the QD film occur due
to de-wetting during spin casting, a result of the surface energy mismatch between
PDMS and chloroform. However, coating the surface of the PDMS stamp with an
aromatic polymer parylene-C (Figure 5-1C) improves wetting and results in uniform
surface coverage, as previously demonstrated by Kim et al.[71].
6.3 The effect of dark current on VOC
A comparison of the current-voltage (i-v) characteristics between QD photovoltaic
devices with either cracked films deposited from bare PDMS stamps or smooth films
deposited from parylene-C-coated stamps demonstrates the importance of QD film
uniformity and the role of dark current on VOC . In Figure 5-6, the i-v characteristics
are shown for a device with a cracked QD film and a smooth QD film. Both devices
yield diode-like behavior, photocurrent and VOC , yet VOC of the device with a smooth
QD film is greater than that of the cracked film by 0.56 V. The device with voids in the
QD films functions as a diode due to the hole-blocking nature of the spiro-TPD/ITO
junction, as previously identified.[101]
To further explore the role of the dark current in QD devices, we plot the i-v
characteristics in dark for a series of devices with different QD film thicknesses for both





























Figure 6-1: The QD device structure is shown in (A). AFM images of the surface
morphology of the printed QD film using a bare PDMS stamp (B) and a parylene-
coated stamp (C). In (D), the four steps of the printing process.
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Figure 6-2: Current-voltage characteristics in dark and under illumination with λ =
521 nm and an intensity of 50 mW/cm2 for a device with a smooth QD film (40 nm
nominal thickness) (solid black line) or a cracked QD film (26 nm nominal thickness)
(solid gray line). The open-circuit voltage (VOC) increases from 0.74 V to 1.3 V.
QD films are derived from measurements of the device reflection and transmission in
situ, using an absorption coefficient of 104 cm−1. Note that for cracked QD films, the
quoted nominal thicknesses are not indicative of the actual height of the QD layer,
simply the total amount of QD material in the device.
The i-v characteristics display an Ohmic regime at low voltages and a power law
dependence (J ∝ V m) of m ≈ 6 above a threshold of 0.6 V. A trap-limited conduction
mechanism with m ≈ 6 is not likely to originate from the bulk of the spiro-TPD film
since transport in spiro-TPD has been observed to be space charge limited with m ≈
2.[102] Likewise, both hole and electron injection into the device should be efficient:
PEDOT:PSS is known to improve charge injection into TPD[103] and the energy
barrier for electron injection into CdSe is only 0.2 - 0.6 eV. Trap limited conduction
with m ≈ 11 has been observed in devices with pristine CdSe QD devices,[104, 105]
yet we find that devices with and without the QD film display nearly the same the














































Figure 6-3: Diagram of QD device cross-section for (A) cracked QD films printed
without parylene-C-coated stamps and (B) smooth QD films printed with parylene-
C. Plot of dark current versus voltage on a log-log scale in forward bias for devices
prepared (C) without parylene-C and (D) with parylene-C, where the QD film thick-
ness is given as indicated. In (D), a control device without a QD film. Sizable leakage
currents are observed in devices with voids in the QD film, where some portion of
the spiro-TPD film is believed to be inadvertently removed or dissolved during the
printing process.
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without QDs, suggesting that the power law dependence does not originate from the
QD film. Increasing the QD thickness leaves the power dependence unchanged, but
results in reduced current for both cracked and smooth QD films, which is consistent
with higher resistivity across the QD layer and fewer shunting pathways through voids
in the QD films. We propose that the power law dependence of the dark current can
be assigned to either one of the two only remaining locations for charge build-up: the
spiro-TPD/QD heterojunction or the top ITO electrode interface.
At low bias, the device with voids exhibits high Ohmic leakage with a pronounced
dependence on QD film thickness (Figure 6-3C). A control device without a QD
film does not exhibit leakage to the same extent as devices with a QD film with
voids (Figure 6-3D). In addition, such high leakage currents are often observed in
devices with spiro-TPD films that are much thinner than the 80 nm thick spiro-TPD
films used in this study. Two mechanisms may be responsible for the increased dark
current for devices with QD films deposited from bare PDMS stamps. First, PDMS
is known to swell when exposed to solvent. When the QD-coated stamp is contacted
to the spiro-TPD film, residual solvent held in the PDMS may be released, resulting
in partial dissolution of the spiro-TPD. For this reason, the stamps are placed in
vacuum for at least 30 min prior to deposition in order to remove residual solvent.
Alternatively, we observed (in a separate study) that removal of a 30 nm thick layer
from the top of a TPD film occurs when a bare PDMS stamp is brought into contact
with a pristine TPD film.[106] Further, blue photoluminescence from the surface of
the PDMS stamp is observed after QD deposition onto spiro-TPD, indicating the
presence of spiro-TPD on the stamp. In contrast, no luminescence is observed after
deposition from parylene-C-coated stamps, indicating that the spiro-TPD layer has
not been removed. As shown in Figure 6-3D, devices with QD films printed with
parylene-coated stamps exhibit low leakage currents down to less than a monolayer.
The intact and undamaged presence of the spiro-TPD layer leads to low leakage
currents and is therefore an important component of improved VOC . A comparison
of VOCs obtained from devices deposited from bare PDMS stamps or from parylene-
coated stamps illustrates the impact of reduced leakage currents on VOC . In Figure
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Figure 6-4: Open-circuit voltage (VOC) versus QD layer thickness for devices printed
using bare PDMS stamps () or parylene coated stamps (•).
6-4, the VOC is substantially higher across a wide range of QD layer thicknesses when
a parylene coating is employed. Without parylene, VOC falls off with decreasing
QD layer thickness as leakage around voids in the QD films becomes more promi-
nent. With parylene, high VOC is obtained even for QD thicknesses on the order of a
monolayer, due to the relatively unaffected integrity of the critical electron-blocking
spiro-TPD film.
The relationship between a larger diode turn-on voltage (VON) in the dark, and
an increase in VOC can be understood by considering the fundamental relationship
between current in light Jlight and current in dark Jdark
Jlight(I, V ) = Jdark(V )− Jphoto(I) (6.1)
where Jdark is dependent on voltage and the photocurrent Jphoto(I) is ideally linearly
dependent on intensity I and independent of voltage. At VOC , Jlight(I, VOC) = 0 by
definition and Equation 6.1 reduces to













Figure 6-5: Circuit model of an ideal diode under illumination at an applied bias of
(A) below diode turn-on and (B) above turn-on.
Therefore, for a given intensity, VOC depends only on the voltage dependence of
Jdark(V ), as long as the production of Jphoto remains independent of bias. From the
ideal diode circuit model in Figures 6-5A and 6-5 B, it is apparent that the diode turn-
on voltage VON in the dark will not affect Jphoto, yet above VON Jphoto will become
shunted by the large conductivity of the diode. Although this is the conventional
description of VOC , it is somewhat non-intuitive, since VOC in donor/acceptor pho-
tovoltaics is often thought to be determined by some aspect of the photogeneration
process. In fact, in all cases VOC should be understood as the bias point at which
the dark current subsumes the photocurrent sourced by the semiconductor. Along
the same line of reasoning, VOC can be thought of as the voltage point at which
recombination subsumes the generation of charge.
A comparison of the recombination mechanism in a device with a single semicon-
ductor versus a donor/acceptor heterojunction illustrates the effect of recombination
on VOC . In a device consisting of a single semiconductor with a bandgap Eg, current
in dark will be due to recombination across the bandgap, as shown in Figure 6-6A,
in the absence of other non-radiative or parasitic leakage current pathways. Upon
illumination, the quasi Fermi levels for electrons (EFn) and holes (EFp) diverge, pro-














Figure 6-6: Band diagram of a photovoltaic device consisting of (A) a single semicon-
ductor layer and (B) a donor/acceptor heterojunction. The contacts are assumed to
be perfect reservoirs for either electrons or holes on the right and left, respectively.
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of the semiconductor, recombination (given by R = Bnp, where B is the material
dependent bimolecular recombination constant) becomes increasingly frequent and
eventually results in VOC saturating at qVOC = Eg for T = 0 K.[79] At room temper-
ature, a reverse saturation current arises which must be compensated, reducing VOC
to 0.3 - 0.4 V below Eg.[44, 45] For the case of a donor/accepter heterojunction shown
in Figure 6-6B, recombination is believed to occur across the heterojunction interface,
reducing the maximum VOC to qVOC = EFp,A−EFn,D where EFp,A is the quasi Fermi
level for holes in the acceptor and EFn,D is the quasi Fermi level for electrons in the
donor. Since the maximum difference in quasi Fermi levels is often significantly less
than the bandgap of the donor or acceptor, the magnitude of VOC will likewise suffer.
In both cases, the magnitude of the photocurrent is identical, whereas the voltage
dependence of the recombination mechanism is the only parameter that is altered.
6.4 First demonstration of VOC greater than the
donor/acceptor energy level offset
The observed VOC of 1.3 V for devices consisting of a smooth QD film is significantly
higher than the energy level offset between the HOMO of the donor and the LUMO
of the acceptor, often considered the theoretical maximum VOC in donor/acceptor
photovoltaics, regardless of material system or device geometry.[107, 108, 99] Energy
level offsets are difficult to establish, but a plausible range of levels are plotted in
Figure 6-7A. The offset between the HOMO of spiro-TPD and the LUMO of CdSe
is expected to be between 0.2 eV and 0.9 eV. Such a broad disparity between the
measured VOC and the energy level offset at the heterojunction interface forces us to
consider an alternative interpretation of the limiting VOC in donor/acceptor photo-
voltaics. One possible explanation is that a large interface dipole is present at the
spiro-TPD/QD heterojunction,[109] which shifts the energy offset at the heterojunc-
tion by more than 0.7 eV. It has been shown that a dipole layer can influence VOC in
conjugated polymer/titanium dioxide based photovoltaics, although the magnitude
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of the offset was only 0.25 V.[110] A second possibility is that recombination at the
spiro-TPD/QD heterojunction is completely suppressed by the presence of insulating
capping groups grafted to the QD surface, resulting in an increase in the diode turn-
on voltage and hence a higher VOC . Below, we present bias-dependent time response






















































Figure 6-7: (A) Plot of approximate range of HOMO (in black) and LUMO (in gray)
energy levels for the QD heterojunction device. The HOMO level of spiro-TPD is
approximated from Ref. [[2]], and the LUMO level of CdSe QDs is obtained from Ref.
[[3]] and knowledge of the levels of bulk CdSe.[4] The ITO coated glass substrate is
omitted. Presumed charge-flow mechanisms for dark current (B) and photocurrent
(C) are illustrated in forward bias at open-circuit voltage (VOC).
In Figure 6-7B, the current flow pathway in dark is illustrated for the special case
where recombination at the spiro-TPD/QD heterojunction is nonexistent. Under the
influence of applied bias, holes are injected into spiro-TPD from the PEDOT:PSS
anode and electrons are injected into the QD layer from the top ITO cathode. Elec-
trons and holes are driven toward the heterojunction by the applied electric field and
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accumulate at the interface while they await recombination. Since the conductivity of
spiro-TPD films[2] has been shown to be much higher that of CdSe QD films[67], most
of the applied electric field is presumed to be evenly distributed across the QD film.
In the absence of recombination across the interface, holes must be further injected
into the QD layer in order to recombine with electrons accumulated in the QD film.
Upon recombination, the current flow process is complete and, for QDs exhibiting
efficient radiative transitions, light is emitted with the spectral characteristic of the
QD film.
In Figure 6-7C, the charge-flow mechanism responsible for the generation of pho-
tocurrent is illustrated for the case of an applied forward bias equal to VOC . An
incident photon with energy between 2 and 3 eV passes through the spiro-TPD and
is absorbed by the QD film, producing an exciton that must diffuse toward the spiro-
TPD/QD heterojunction in order to dissociate. Interfacial charge separation results
in a free hole on spiro-TPD and a free electron in the QD film. At an applied bias
approaching VOC , electron and hole transport to the electrodes must contend with a
considerable external electric field aligned to oppose charge extraction. In turn, car-
rier collection must rely on concentration gradients that serve to drive charge away
from the heterojunction interface via diffusion, similar to both conjugated polymer
and organic small molecule bilayer donor/acceptor structures.[90, 89]
6.5 Electroluminescence from the QD film
In the discussion above, we argued that VOC is set by the diode turn-on voltage VON
and that VON in our structure is higher than expected because holes must overcome
a large potential step barrier between spiro-TPD and the QDs. Under this circum-
stance, current flow above VON should be accompanied by electroluminescence with
a spectral dependence that is characteristic of the QD film. In the following (Figures
6-8 and 6-9), we show that electroluminescence is indeed sharply peaked and red in
color, as expected from CdSe emission with a quantum confined bandgap of 2 eV.[57]
Electroluminescence has previously been observed in QD devices with similar or-
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Figure 6-8: Log-log i-v characteristics (left axis) and electroluminescence quantum
efficiency (right axis) are shown in (A). In (B), normalized emission spectra at an
applied bias of 3 to 9 V.
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ganic/QD planar heterojunction architectures.[71, 111] In these devices, an electron
transport layer tris-(8-hydroxyquinoline) aluminum (Alq3) and a magnesium:silver
cathode are required to achieve optimized electroluminescence efficiencies. The emis-
sion mechanism is attributed to carrier accumulation and exciton formation on the
Alq3 side of the Alq3/QD interface, followed by energy transfer to the QDs and recom-
bination in the QDs. This process is believed to be more efficient than direct charge
injection and recombination on the QDs, but results in emission from both the QD
film and Alq3. Under high applied bias, the width of the region where excitons form
on the Alq3 widens beyond the energy transfer radius and emission from Alq3 alone
becomes more prominent.
Here, i-v characteristics and emission spectra are shown in Figure 6-8 for the
photovoltaic device structure presented in this work (Figure 6-1), which does not
contain Alq3. The QD layer thickness is 40 nm. Onset of emission occurs above 2 V
and the spectral characteristic follows the narrow emission expected from the QDs,
without a detectable signal from between 2.5 and 3 eV, where spiro-TPD is known
to emit. Even under high applied bias, no emission from spiro-TPD is discernible,
indicating that exciton formation on spiro-TPD does not occur. A small contribution
from defect states at lower energies, centered near 1.6 V, is observed. The absence of
emission from spiro-TPD and the presence of emission from the QD film implies that
direct charge injection and recombination in the QD layer is exclusively responsible
for electroluminescence. However, because of the low efficiency of electrolumines-
cence, reaching 0.02% at 4 V, we cannot rule out the possibility that some fraction of
holes may contribute to current flow in forward bias by some other conduction mech-
anism, for example, by recombining across the spiro-TPD/QD interface. Even so, low
electroluminescence quantum efficiencies can result from many causes, such as non-
radiative recombination in the QDs, trapping at defect states or Onsager dissociation
due to the presence of a high electric field, which may be as high as 1× 106 V cm−1
at 4 V. Therefore, we conclude that the observation of electroluminescence from the
QD layer agrees with, but does not conclusively prove, the interpretation that the
forward bias conduction requires hole injection from spiro-TPD to the QDs.
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AB
Figure 6-9: Images of QD device at an applied bias of (A) 0 V and (B) 4 V.
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6.6 Bias-dependent photocurrent transients
In Figure 6-7C, we drew the band diagram of the QD device under applied forward
bias assuming a substantial electric field drop across the QD film. The question arises:
how do free carriers extract themselves from the interface and travel to the electrodes
notwithstanding an opposing electric field? In this section, we present photocurrent
decay measurements that support the view that charge diffusion plays a major role
in photocurrent generation.
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Figure 6-10: Photocurrent decay time constant plotted versus voltage for a QD device
with a QD film thickness of 80 nm, illuminated with λ = 521 nm at an intensity of 50
mW/cm2. The inset shows the normalized photocurrent transient curve for negative
photocurrent (measured at -0.5 V) and positive photocurrent (measured at 2 V).
Photocurrent decay transients in response to an abrupt step function light pulse
are shown in Figure 6-10. At a voltage of -0.5 V, the decay transient follows an
initial single exponential decay with a time constant associated with the photocurrent
generation τgen = 0.5 s, which is defined as the photocurrent with negative polarity.
A second, slower decay mode emerges after the initial fast decay, but is attributed
to the low pass RC filter connected between the DC voltage source and the sample.
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The measured time constant follows a weak bias dependence up until 1.5 V, at which
point the photocurrent signal diminishes to zero. Above 1.5 V, the photocurrent signal
switches polarity – becoming positive – and the device acts as a photoconductor. The
decay constant τPC associated with photoconduction (positive photocurrent) displays
a multimode decay with a nearly three order of magnitude longer decay ranging from
0.4 ms out to 1 ms.
A number of possible mechanisms could lead to the decay of the photo-excited
carrier population. The rate equation for the population of electrons in the QD layer
can be written as
∂n
∂t
= G−RInt −RBulk − T (6.3)
where n is the electron concentration, G is the net rate of free carrier generation
(which encompasses exciton generation, geminate recombination, dissociation and
bi-molecular recombination), RInt is the interfacial recombination rate, RBulk is the
recombination rate due to space charge in the bulk and T is the carrier collection rate
associated with transport to the electrodes. First, we can rule out G as a contributing
factor to the photocurrent decay on the basis that exciton diffusion and dissociation
must be faster than radiative geminate recombination, which is on the order of τ ≈
30 ns for CdSe QDs.[112] Second, RInt is likely too slow to limit excited carrier
extraction, observed to be on the order of 1 ms to 10 µs in conjugated polymer
donor/acceptor systems.[110, 113] Third, RBulk, which becomes more prominent at
high carrier concentrations, can compete with carrier collection at high intensities.
To ensure that RBulk is not dominant, a device is chosen with an external quantum
efficiency (EQE) that remains constant over the range of intensities achievable with of
our setup (Figure 6-12). Finally, T could be dominated by the transport rate of either
holes across spiro-TPD or electrons across the QD layer. Given the relatively high
hole mobility of spiro-TPD (µ ≈ 10−4 cm2 V−1 s−1)[2] versus the electron mobility
of CdSe QDs (µ ≈ 10−4 to 10−6 cm2 V−1 s−1),[104] the response time should be
limited by electron transit across the QD layer. Indeed, an increase in time response
is observed with thicker QD films.
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6.7 Interpretation of transient results
The weak bias dependence of the photocurrent decay time constant and sharp step
increase above V0 are consistent with a diffusion-driven carrier collection model and
can not be explained by a field-driven collection mechanism. Below, we argue that
the long time constant measured at voltages above V0 places a lower bound of 400
µs to 1 ms on the recombination lifetime of carriers at the spiro-TPD heterojunction
interface. The long interfacial lifetime, in turn, permits the build up large concen-
tration gradients that serve to drive diffusion of photo-excited carriers away from the
interface.
In the steady state, the continuity equation (Equation 6.3) becomes





where the transport rate has been separated into drift and diffusion components, n is
the electron concentration, µ is the electron mobility, E is the electric field, D is the
electron diffusivity. First, consider the possibility that carriers are solely propelled
by a built-in potential ΦBI , perhaps as a result of an induced dipole at the spiro-
TPD/QD interface. If RBulk is negligible, then n = G/τ and E = (V −ΦBI)/d where





|ΦBI − V | (6.5)
and d is the thickness of the QD film (assuming the field-drop is exclusively across
the QD layer, for simplicity). If ΦBI is singularly responsible for photocurrent, then
ΦBI = V0 in Figure 6-10. Two inconsistencies then arise between the above equation
and the measured transit times. First, as V approaches V0, we would expect τ to
slow down considerably, following a 1/V dependence. Instead, τgen remains nearly
constant as V approaches V0. Second, τ should be symmetric around V0, unlike in
Figure 6-10 where τ changes abruptly above V0.




















Figure 6-11: Band diagram and electron carrier concentration in the QD film at (A)
zero electric field (V = ΦBI) and (B) an opposing electric field (ΦBI < V < V0).
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when RInt, RBulk and G are small within the QD film. Applying boundary conditions
n ≈ 0 at the collecting electrode and a surface generation rate gs at the heterojunction




as shown in Figure 6-10A. The time required for carriers to diffuse across the QD












which reveals that τ is not dependent on bias. Our observation of a slight increase in τ
with increasing bias can be understood as a shift in the average distribution of carriers
toward the interface as the electric field acts to counteract diffusion (Figure 6-11B).
From the measured τ = 0.6 µs, we obtain D = 5.3×10−5 cm2 s−1, which corresponds
to µ = 2×10−3 cm2 V−1 s−1, assuming the Einstein relation holds.[114] We note that
this value is higher than expected for the electron mobility in QD films,[104] per-
haps due to the possibility that our transient decay measurements selectively capture
electrons at the higher end of the distribution of thermal velocities.
Under an applied electric field, a steady state drift current component flows in
parallel with the transient photocurrent signal, but does not significantly influence
the photocurrent process below V0 (Figure 6-11B). Injected carriers raise the baseline
carrier concentration across the QD film and accumulate at the heterojunction inter-
face until they recombine with holes, either across the interface or with holes that
are injected into the QD film from spiro-TPD. The magnitude of the drift current is
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therefore determined by either RInt = BnQD(0)pTPD(0), (where B is the bimolecular
recombination constant, nQD(0) is the concentration of electrons on the QD side of
the heterojunction and pTPD is the concentration of holes on the spiro-TPD side) or
RBulk = pQD(0)/τrec (where τrec is the excited state lifetime of the QDs).
Once V exceeds V0, RInt and/or RBulk become too large to support further accu-
mulation of charge at the heterojunction interface, recombination outcompetes carrier
collection and the photocurrent reverses polarity. The direction of photocurrent is
now aligned with the electric field and the device operates in the photoconduction
regime. The rate equation for photo-excited carriers in the accumulation layer is then
∂n′
∂t
= G−∆RInt −∆RBulk + ∆TDrift (6.10)
where n′ is the photo-excited carrier concentration, ∆RInt is the excess recombination
rate, ∆RBulk is the excess bulk recombination rate and ∆TDrift is the photoconduc-
tive injection and drift transport term. The time constant associated with ∆RInt is
presumed to be relatively slow since electron and holes must couple across organic
ligands surrounding the QDs in order to recombine. In contrast, both ∆RBulk and
∆TDrift should operate on short times scales since recombination and drift transport
are both fast processes. However, ∆RBulk and ∆TDrift are competing rates and there-
fore a slight difference between the two can yield a slow change in the overall carrier
population. Consequently, attributing the photoconduction decay constant τPC to
∆RInt, the longest decay process, can be misleading. Still, the measured value of
τPC ≈ 0.8 ms places a lower bound on the charge carrier lifetime in the accumulation
layer, which is nonetheless notably longer than that of other donor/acceptor systems.
For instance, transient photovoltage (TPV) measurements give a carrier lifetime of
∼10 µs at 0.6 V in conjugated polymer blend photovoltaics[113] and ∼ 30 µs at 0.6 V
in polymer/titanium dioxide bilayer photovoltaics.[110] Furthermore, these lifetimes
are observed to decrease exponentially with increasing voltage, which suggests that,
at comparable voltages, the carrier lifetime at the spiro-TPD/QD interface may be
many orders of magnitude longer than in polymer based photovoltaics.
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6.8 Bias-dependent photocurrent
Above, we interpreted the bias-dependence of photocurrent decay transients as evi-
dence that long carrier lifetimes at the heterojunction interface permit the build-up
of a carrier concentration gradient across the QD film, in turn driving photocurrent
against an applied electric field. As a next step, we investigate the magnitude and in-
tensity dependence of the photocurrent as a function of bias in order to establish if the
voltage dependence is compatible with a diffusion-driven model of carrier collection.



























Figure 6-12: Log-linear plot of the external quantum efficiency (EQE) versus volt-
age for QD devices printed with parylene-C-coated stamps at illumination intensities
as indicated with λ = 532 nm. The cross-over from negative photocurrent to posi-
tive photocurrent is marked as the compensation voltage (V0). The inset shows the
dependence of V0 and VOC on illumination intensity.
Photocurrent versus voltage characteristics have been used to help identify the role
of drift, diffusion and exciton dissociation efficiency in conjugated polymer-fullerene
bulk heterojunction cells[91, 115] In these cells, the voltage needed to set Jphoto = 0,
defined as the compensation voltage V0, indicates the point where the built-in electric
field is zero, and the photocurrent bias dependence signifies the degree to which ex-
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citon dissociation is affected by the electric field.[116] Measurements of photocurrent
as a function of bias at various intensities for our spiro-TPD/QD bilayer devices,
plotted in Figure 6-12, demonstrate that Jphoto indeed exhibits bias dependence and
V0 is independent of intensity, yet as we will shown below, this behavior is entirely
consistent with a diffusion-driven photocurrent mechanism and not necessarily the
result of a built-in electric field.
To interpret the origin of the intensity-independence of V0, we can again consult
the continuity equation. In steady state, at an applied voltage V0, the rate at which
excess carriers generated by light enter and leave the accumulation region near the
spiro-TPD/QD interface is given by
0 = G−∆RInt(V0)−∆RBulk(V0) + ∆TDrift(V0)−∆TDiff (V0) (6.11)
where ∆RInt(V0) is the excess recombination rate at the spiro-TPD/QD interface at
V0, ∆RBulk(V0) is the excess recombination rate in the QD bulk at V0, ∆TDrift(V0)
is the rate at which excess injected carriers reach the accumulation region near the
interface and ∆TDiff (V0) is the rate at which excess carriers diffuse away from the in-
terface. For the above equality to hold for all intensities, each term must be linear with
intensity. We can simplify the expression by noting that ∆TDrift(V0) = ∆TDiff (V0)
by definition at V0. Therefore, the rate equation at V0 reduces to
0 = G−B∆nQD(V0)∆pTPD(V0)− ∆pQD(V0)
τr
(6.12)
where B is the bimolecular recombination constant, ∆nQD(V0) is the concentration
of photo-excited electrons on the QD side of the heterojunction, ∆pTPD(V0) is the
concentration of photo-excited holes on the spiro-TPD side of the heterojunction,
∆pQD(V0) is the concentration of photo-excited holes that are injected across the het-
erojunction from spiro-TPD to the QD layer and τr is the carrier lifetime of injected
holes in the QD layer. While the bulk recombination term is linear with intensity,
the bimolecular term is not, implying that B must be small in order to maintain the
intensity independence of V0. Also note that in the absence of interfacial recombi-
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nation and with a modest (linear) voltage dependence for ∆TDrift and ∆TDiff , the
voltage dependence of ∆pQD will dominate in Equation 6.11 and therefore determine
the magnitude of V0.
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Figure 6-13: Compensation voltage (left axis) and the slope of the EQE-voltage
characteristics about V=0 (right axis) for a series of devices with QD layers printed
with parylene-C coated stamps and different QD layer thicknesses.
The thickness dependence of the photocurrent-voltage characteristics adds addi-
tional insight into the physical mechanisms at play in bilayer spiro-TPD/QD cells. In
Figure 6-13, V0 is shown to vary slightly with thickness, implying that the strength
of the electric field has a modest effect on hole injection from spiro-TPD into the
QD layer, believed to be the limiting mechanism for diode turn-on and hence V0.
The normalized slope of the photocurrent-voltage curve at V = 0, also plotted in
Figure 6-13, indicates that the electric field strength can influence the photocurrent
generation process. Ideally, field-independent photocurrent generation should yield a
slope of zero. For devices with QD films less than 40 nm thick, however, the slope
increases for thinner QD films with a 1/d dependence and roughly corresponds to a
slight reduction in V0. Above 40 nm, the slope begins to increase, due to transport
losses in the QD layer (to be discussed below). At d = 83 nm, V0 decreases as trans-
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port losses limit charge diffusion. At d = 68 nm, V0 is maximized at 1.56 V, reaching
an optimum balance between electric field strength and transport losses.
6.9 Dependence of EQE and IQE on QD layer thick-
ness
Despite high VOC , the efficiency is severely constrained by the thinness of the QD
layer, which must be kept extremely thin in order to limit resistive losses. Shown
in Figure 5-4, the absorption at the first excitonic peak (2.1 eV) is only 3.5%, for a
device with 40 nm QD layer, resulting in an EQE of 0.7%. At these absorption levels,
the QD layer is optically thin and the complete device appears entirely transparent
to the eye. However, the internal quantum efficiency (IQE) is relatively high for a
QD film, near 20%, although the IQE decreases above 2.7 eV because of absorption
in the spiro-TPD film.
From the i-v characteristics obtained under monochromatic illumination, we can
estimate the AM1.5G power conversion efficiency (η) by integrating the external quan-
tum efficiency (EQE) with the American Society for Testing and Materials (ASTM)
G173-03 solar spectrum (Table 6.1). The internal monochromatic power efficiency
(ηInt) gives an indication of the potential efficiency in the event that absorption losses
could be overcome.
The restrictions imposed by transport losses in the QD film are exhibited by the
thickness dependence of the EQE and IQE, plotted in Figure 6-15. The EQE and
IQE reach their maximum values at thicknesses corresponding to very low optical
absorption, which severely limits the maximum attainable η for QD films of this
type. In the proceeding discussion, we present a simple model that accounts for the
general trend of the EQE and IQE with thickness. The model takes into account the
effect of exciton diffusion, transport losses in the QD film and the possibility of one
or more damaged QD monolayers adjacent to the top ITO electrode.
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Figure 6-14: Plot of external quantum efficiency (EQE) and device absorption versus
photon energy and wavelength, and internal quantum efficiency (IQE) for a device
with a QD film printed from a parylene-coated stamp and a nominal QD film thickness
of 34 nm.
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Figure 6-15: External quantum efficiency (EQE) (top) and internal quantum effi-
ciency (IQE) (bottom) at λ = 590 nm versus nominal QD film thickness and device
absorption at λ = 590 nm for devices with smooth QD films printed with parylene-C.
The data is fitted to a model which takes into account either one (k = 1) or two
(k = 2) low-efficiency QD monolayers adjacent to the top ITO electrode. Nominal
thicknesses are calculated assuming an absorption coefficient of 104 cm−1 at λ = 590
nm.
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c FF c ηInt
d ηe
[%] [nm] [A/cm2] [V] [%] [%]
1.2 8 1.23e-5 0.90 0.34 0.60 2.8e-3
1.6 13 1.47e-5 1.15 0.30 0.62 3.7e-3
2.1 16 5.84e-5 0.90 0.31 1.56 0.012
2.9 34 8.07e-5 1.17 0.42 2.71 0.029
3.9 40 6.90e-5 1.32 0.40 1.86 0.027
4.6 48 7.28e-5 1.25 0.38 1.50 0.025
6.9 68 6.77e-5 1.34 0.34 0.90 0.023
8.0 83 3.62e-5 1.15 0.29 0.30 8.8e-3
aQD Absorption at λ = 521 nm
bNominal QD thickness obtained at λ = 590 nm for α = 104 cm−1
cMeasured at λ = 521 nm and 50 mW/cm2
dInternal monochromatic power efficiency at λ = 521 nm and 50 mW/cm2
eSolar conversion efficiency under an equivalent intensity of 136 mW/cm2 at AM 1.5 G
The EQE is the product of four charge generation processes, given by[40, 12]
ηEQE = ηα ηED ηCT ηCC (6.13)
where ηα is the absorption, ηED is exciton diffusion efficiency, ηCT is the charge
transfer (interfacial dissociation) efficiency and ηCC is the carrier collection efficiency.
Beginning with absorption in the QD layer, an absorption coefficient α = 104 cm−1
gives an absorption efficiency per QD monolayer ηαi = 0.994. Assuming all other
processes have a constant efficiency of 64% results in a monotonically increasing EQE
and and a flat IQE (Figure 6-16). However, it is likely that photogeneration in the
monolayer closest to the ITO electrode is compromised due to ion bombardment
during sputtering. Treating the monolayer adjacent the ITO electrode as having a
uniquely low efficiency accurately predicts the fall in IQE at thicknesses of one and
two monolayers (Figure 6-17). Properly treating the effect of exciton diffusion on
EQE requires solving the exciton continuity equation and assuming knowledge of the
boundary conditions at both QD film interfaces.[87] In order to keep the model simple
and more general, we make the crude assumption that the exciton transfer efficiency
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from QD to QD follows an exponential decay with distance
ηED0 = e
−∆x/γex (6.14)
were ∆x is the width of one monolayer and γex is the characteristic exciton diffusion
length. Including ηED with γex = 43 nm forces the EQE to asymptotically approach
∼ 2.6%, which corresponds to the EQE contribution from the first 43 nm of the QD
film (Figure 6-18). Adding additional thickness to the QD film beyond 43 nm will not
result in reduced EQE unless the carrier collection efficiency is taken into account.
Again, we assume a crude formula for electron transfer between QDs, given by
ηCC0 = e
−∆x/γn (6.15)
where γn is the characteristic electron diffusion length. Including ηCC with γn = 68
nm replicates the observed decrease in EQE and IQE (Figure 6-19). The full model














where the first summation term represents the efficiency of the properly functioning
QD layers and the second summation term represents the efficiency of the damaged
QD layers. The carrier collection term is factored in after the number of carriers
generated from each monolayer is tabulated. The dramatic decrease in EQE and IQE
with increasing thickness suggests that charge-carrier losses are pervasive, with fewer
carriers able to successfully cross the bulk QD film as thickness is increased. Given
a peak IQE at a QD thickness of only 3 monolayers, corresponding to an absorption
of only 1.6%, it is clear that further work is needed to optimize ηED, ηCC and ηα.
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Figure 6-16: External quantum efficiency (EQE) (top) and internal quantum effi-
ciency (IQE) (bottom) versus nominal QD film thickness and device absorption. The
data is fitted to a model which only considers ηα for α = 10
−4 cm−1 and assumes all























Figure 6-17: External quantum efficiency (EQE) (top) and internal quantum effi-
ciency (IQE) (bottom) versus nominal QD film thickness and device absorption. The
fit shows the effect of including one low-efficiency QD monolayer adjacent to the top
ITO electrode.
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Figure 6-18: External quantum efficiency (EQE) (top) and internal quantum effi-
ciency (IQE) (bottom) versus nominal QD film thickness and device absorption. The
fit shows the effect of including γex = 43 nm.
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Figure 6-19: External quantum efficiency (EQE) (top) and internal quantum effi-
ciency (IQE) (bottom) versus nominal QD film thickness and device absorption. The
fit shows the effect of including γn = 68 nm.
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6.10 Conclusion
The high VOC demonstrated in devices with a smooth QD film is the first observation
of VOC exceeding the HOMO/LUMO offset in donor/acceptor heterojunction photo-
voltaic cells. The measured V0, which represents the maximum obtainable VOC , is only
0.44 V less than the QD bandgap, near the theoretical maximum VOC at room tem-
perature. Overcoming the HOMO/LUMO offset implies that other donor/acceptor
photovoltaics, such as polymer bulk heterojunction and small-molecule photovoltaics,
may have theoretical efficiencies that are much higher than previously thought, pro-
vided that interfacial recombination rates can be reduced. The top ITO electrode
structure represents a critical step toward improved long-term stability due to the
absence of a low work function cathode, and opens up the potential for new appli-
cations, such as light-activated touch screens and tinted power-generating windows.
Finally, we envision the incorporation of chemical treatments[63] to improve transport
and/or new QD materials will result in improved conversion efficiencies.
In summary, we demonstrate an improved VOC in a bilayer heterojunction pho-
tovoltaic device consisting of a CdSe QD film that is printed with a parylene-coated
PDMS stamp. The enhanced device characteristics stem from reduced dark current
associated with the elimination of voids in the QD film. A high VOC and photo-
induced V0, which exceed the HOMO/LUMO offset at the spiro-TPD/QD heterojunc-
tion, are attributed to a low diode turn-on voltage due to suppressed recombination
at the spiro-TPD/QD heterojunction. Measurement of the voltage dependence of the
transient photocurrent decay identifies charge diffusion as the dominant mechanism
responsible for photocurrent generation. Electroluminescence from the QD layer con-
firms the role of hole injection from spiro-TPD into the QD film and recombination in
the QD film as a conduction mechanism in forward bias. Solar conversion efficiencies
are shown to be limited by low absorption in the QD film, which must remain opti-
cally thin in order to minimize transport losses. Further work is needed to improve




Tandem structures and future work
Most of the discussion in this thesis has focussed on the implementation of a quantum
dot (QD) solar cell comprised of an organic/QD heterojunction sandwiched between
a top and bottom electrode. We found that the efficiency of the cell is absorption
limited because the thickness of the QD layer must be kept sufficiently thin in order
to accommodate short exciton and electron diffusion lengths, a common occurrence
for donor/acceptor solar cells. In this section, we demonstrate a proof-of-principle
device that consists of two identical QD solar cells, one grown on top of the other,
forming a double tandem cell. This tandem cell represents an important alternative
to a bulk heterojunction as a method of solving the exciton diffusion bottleneck in
donor/acceptor heterojunction solar cells. We also detail the many potential oppor-
tunities for improving the efficiency QD heterojunction solar cells.
7.1 Introduction
As described earlier in this thesis, a number of approaches to overcoming the exci-
ton diffusion bottleneck in donor/acceptor solar cells, including bulk-heterojunction
geometries (Section 1.2) and light-trapping techniques (Section 3.2.4) have been ex-
tensively investigated, often yielding impressive gains in efficiency over simple devices
with discrete layers [117]. A third approach involves stacking multiple discrete layered
devices in tandem in order to transform an otherwise optically thin device into one
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with significant absorption [38, 39]. The individual devices are connected in series,
imparting extra open-circuit voltage VOC with each added cell, yet maintaing the same
short-circuit current JSC . The challenge, then, is to ensure that each subcell in the
stack produces the same current, which can be accomplished by setting the thickness
of each subcell appropriately. The correct subcell thickness must be derived from op-
tical interference and exciton diffusion modeling [46]. Another challenge involves the
choice of interstitial electrode layer(s) used to provide the series connection between
the top and bottom cell. Three requirements for an effective interstitial electrode
layer are:
• Transparency
• Mechanical stability suitable for fabrication of the top cell without damaging
the bottom cell
• Electron work function level compatibility with high VOC and JSC for both the
cathode of the bottom cell and anode of the top cell
Given that the performance of most donor/acceptor solar cells is highly dependent
on the choice of metal cathode [91], the first and third requirements have proven to
be a significant obstacles [43]. In most cases, a thin layer of Au or Ag clusters is
used as the interstitial layer, although metal oxides in combination with poly(3,4-
ethylenedioxythiophene) poly(styrenesulfonate) (PEDOT:PSS), have also been suc-
cessfully employed [48, 118, 41]. Unlike most donor/acceptor heterojunction devices
architectures, the QD heterojunction device presented in this thesis is a natural candi-
date for a tandem structure because the anode and cathode are both fully-transparent
indium-tin-oxide (ITO), and the PEDOT layer provides mechanical planarization of
the bottom cell for fabrication of the top cell.
As a proof-of-concept, we have fabricated a tandem cell consisting of two stacked
QD devices, a diagram of which is shown in Figure 7-1. The device growth process
proceeds exactly as outlined for a single device in Section 4, except that a thin layer
(20 nm) of ITO is deposited as the intermediate cathode.
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We find that VOC of the stacked device is nearly double (VOC = 2.67 V) that of the
individual cell (VOC = 1.48 V), and the overall solar conversion efficiency more than
doubles, from ηP = 0.018% to ηP = 0.037% (Table 7.1). Although absorption losses
are still limiting the conversion efficiency, the successful implementation of a tandem
structure establishes the potential for greater efficiency improvements by using the

















Figure 7-1: Schematic of tandem QD device structure.
7.2 Proof-of-concept device
The current-voltage (i-v) characteristics, plotted in Figure 7-2, show a near doubling
in VOC , turn-on voltage (VON) the compensation voltage (V0) (or maximum VOC).
The doubling in VOC verifies that a tandem structure has been achieved, with both
top and bottom devices acting properly. The fill factor is low, as expected for a 70 nm
film where transport losses impart a strong bias dependence to the photocurrent. The
cause of a slightly increased JSC in the double cell is unknown, although we should
note that variations in JSC from device to device are not uncommon. The VOC of 2.67
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V is much greater than any other published value for donor/acceptor photovoltaics
[119].
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Figure 7-2: Current-voltage characteristics under an illumination intensity of 50
mW/cm2 at λ = 521 nm for a single cell QD device and a double cell device.
In situ absorption spectra of the single and stacked devices show a doubling in
absorption, indicating that the top QD layer has been deposited successfully (Figure
7-3). The external quantum efficiency (EQE) and internal quantum efficiency (IQE)
of the single cell show somewhat lower-than-usual values (IQE ∼ 20% should be
achievable) possibly due to the excessive thickness of the QD layer. Further work is
need to optimize both the efficiency of the individual cells and improve the masking
scheme in order to allow for more than two stacked cells.
7.3 Opportunities for future work
At least a two order of magnitude improvement in efficiency is required in order for
the QD devices structures presented here to approach commercial viability. We’ve








































Figure 7-3: External quantum efficiency (EQE) and absorption for a single cell and
double cell QD device, and internal quantum efficiency (IQE) for the single cell device.
Table 7.1: Solar conversion efficiencies for single and double cell QD devices.
Device JSC
a VOC
a FF a ηP
b
[A/cm2] [V] [%]
Single cell 3.3e-5 1.48 0.32 0.018
Double cell 4.7e-5 2.67 0.31 0.037
aMeasured at λ = 521 nm and 50 mW/cm2
eSolar conversion efficiency under an equivalent intensity of 136 mW/cm2 at AM 1.5 G
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efficiency for devices that are absorption-limited. In order to approach that limit, the
internal monochromatic power efficiency of each constituent cell needs to be close to
the theoretical limit, for example, ηInt ≈ 80% at hν = 2 eV. Our best internal power
efficiency is close to 3%, meaning that a factor of ∼25 improvement is desired. At
best, the fill factor can be improved by a factor of 2, leaving the remaining factor of
12.5 to be accomplished by solving transport losses across the QD layer, damage to
the top QD monolayers due to ITO deposition and the inherent inefficiency of the
QDs themselves due to nonradiative decay. Below, we will outline a few of the many
routes toward more efficient QD films, most involving improved surface passivation
and improved dot to dot coupling. In addition, our QD core material, CdSe (the
prototypical QD material) whose bandgap is∼2 eV, is far from the optimal bandgap of
1.4 eV. Other QD materials have have properties that are more compatible with solar
energy conversion. Finally, more sophisticated device architectures can be integrated
into our QD structure, such as light-trapping and improved transport layers.
7.3.1 Modifying capping groups
Many groups have shown that the capping groups surrounding the QD core influ-
ence the opto-electronic functionality of the QD layer. The challenge is to properly
passivate nonradiative surface states while maintaining strong overlap between wave-
functions of neighboring dots. The three broad categories of QD surface modification
can result in improved performance:
Inorganic QD shell: Employing an inorganic shell in place on native ligands can
increase the quality of passivation. Porter et al. [120] have shown that the
photogeneration efficiency of CdSe QD films in lateral devices is enhanced when
zinc sulfide (ZnS) shells are used to cap the QD core, without seriously affecting
the film mobility. However, in order to obtain high efficiencies, the extra organic
ligands must be removed by a thermal anneal at 300◦C or a methanol treatment.
The challenge is to incorporate the ligand removal process prior to transfer of the
QD film onto the spiro-TPD without damaging the stamp or strongly adhering
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the QDs to the stamp.
Chemical post-treatments: Using chemical treatments to exchange native ligands
with more electrically compatible ligands can increase film conductivity and
reduce nonradiative processes. Oertel el al. [69] found that post-deposition
treatment of CdSe QD films with n-butylamine greatly increases the QD film
EQE in photovoltaic devices. Barkhouse et al. [121] similarly found a large
increase in EQE with ethanethiol post-treatment. In our initial efforts, we had
varying success transferring QD films after post-treatments.
Post deposition physical treatments: Another way to remove unwanted ligands
from the QD film is to do so after the QDs have been transfered onto the hole-
transport layer. UV ozone or oxygen plasma treatments may be able to remove
ligands from the QD film without damaging underlying layers.
7.3.2 Choosing viable QD materials
Among the multitude of materials investigated in the fifties and sixties, amorphous sil-
icon (a-Si), copper indium gallium (di)selenide (CIGS) and cadmium telluride (CdTe)
are the only commercially viable thin film solar materials to have emerged. Both CIGS
and CdTe rely on a heterojunction with cadmium sulfide (CdS) which was found to
be critical for high efficiency [122]. One of the promises of QD technology is to expand
the material base available for solar photovoltaics by lifting the restrictions imposed
by traditional film deposition methods, such as the need for a CdS heterojunction,
columnar grain structure and surface state passivation. The remaining requirements
for QD systems are outlined well by Wadia et al. [75]:
Non-toxic: There is debate about the need for non-toxic materials. An argument
can be made that an encapsulated module is not an environmental risk as long
the module is recycle at its end of life. However, the manufacture of modules
using toxic materials can impose additional costs and increase the environmental
impact at the manufacturing cite.
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Earth abundant: Material availability is a critical problem for CdTe and CIGS,
but copper zinc tin sulfide (CZTS), lead sulfide (PbS), nickel sulfide (NiS),
cuprous oxide (Cu2O), zinc phosphide (Zn3P2), cupric oxide (CuO), copper
sulfide (CuS2) and iron pyrite (FeS2) are readily abundant and have yet to be
fully explored as potential QD solar cell candidates [75].
Infrared absorbing: QD semiconductors with a bandgap close to 1.4 eV have a
theoretical efficiency of 31% as opposed to a 2 eV material, like CdSe QDs,
which has a theoretical efficiency of 20%. For multiple-bandgap tandem cells,
materials need to be identified with bandgaps near 0.7 eV, 1.2 eV and 1.8 eV.
Balanced electron/hole mobilities: Throughout this work, we assume the QD
film has only one active interface: the spiro-TPD/QD heterojunction. How-
ever, the QD/ITO heterojunction may also be capable of dissociating excitons.
In this case, transport of holes across the QD film is required in order to produce
photocurrent. An ideal absorbing material would have comparable electron and
hole mobilities so that both the front and back side of the QD film could con-
tribute equally to the photocurrent, thus enhancing the QD internal quantum
efficiency.
7.3.3 Improving device architectures
Optimizing device architectures has not been a focus of this thesis, yet a large set of
possible improvements could dramatically effect the device efficiency:
Light-trapping techniques: Internally efficient devices that are absorption-limited
can benefit from geometric or optical light-trapping techniques (Section 3.2.4).
Adding a simple rear reflector will add almost a factor of two to the external
conversion efficiency.
Highly passivated QDs at interface: If high VOC is indeed due to suppressed re-
combination at the spiro-TPD interface, we may be able to print a thin highly
passivated QD layer at the interface, followed by a thicker QD layer with shorter
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ligands, better conductivity and a longer exciton diffusion length. The bulk of
absorption would occur in the high-conductivity region, but recombination at
the interface would remain suppressed, thus retaining high VOC while improving
absorption and charge transport.
Doped transport layers: The use of doped transport layers, either with tertbutyl
pyridine, a lithium salt ionic dopant and a chemical dopant (used for solid
state dye-sensitized cells) [123] or a tetrauoro-tetracyano-quinodimethane (F4-
TCNQ) (used in p-i-n solar cells) [30] can improve VOC , FFs and charge trans-
port by helping to shield internal electric fields.
Electron transport layers: Protection of the QD film during deposition of the
ITO top electrode could alleviate damage to the QD film. A transparent or-
ganic electron transport layer such as C60 or an exciton blocking layer such
as bathocuproine (BCP) could serve as a sacrificial layer and help preserve the
integrity of the surface of the QD film.
Metal-oxide transport layers: Transition metal oxide anodes or cathodes such as
the n-type titanium dioxide (TiO2) [124] or the p-type tungsten oxide (WO2)
[125] have been shown to enable improved fill factors in conjugated polymer
devices. Metal oxides are also more robust than organic films and can withstand
thermal annealing and chemical treatments. The challenge is to recreate the
rectified junction that forms between spiro-TPD and ITO, which is essential for
achieving high VOC and non-shunted device characteristics.
Ten stacked cells: Currently, stacking more than two cells is complicated by the
fact that the intermediate electrode must be patterned, as well as the top and
bottom electrodes. Alternatively, one could blanket deposit each layer in the
device stack and use a laser cutter to define the device as the final step. This
technique would make stacking additional cells almost trivial, since each ad-
dition cell would only require an extra hour or so, with our current setup.
Potentially more ten cells could be easily stacked using this process.
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7.4 Conclusion
The fabrication of the first ever tandem QD solar cell and the achievement of the
highest VOC (2.67 V) to date for a donor/acceptor solar cell represents a major step
toward the goal of high efficiency QD based photovoltaics. The simple discrete lay-
ered organic/QD heterojunction structure, which employs ITO for both anode and
cathode, naturally accommodates tandem structures without loss of JSC or VOC . This
result implies that as long as the internal power efficiency of a single QD solar cell
can be made to reach a certain value, the external power efficiency of QD tandem
structures should be able to approach the same efficiency. Further work is needed
to optimize the internal efficiency of individual QD devices and improve the masking
process in order to accommodate tandem structures with more than two stacked cells.
A number of potential material improvements, new processing techniques and new





The broad goal of this thesis has been to explore the use of colloidal quantum dots
(QDs) as the primary photoactive species in a photovoltaic device. As a first back-
ground exercise, the issues governing adoption of solar cell technologies were studied
in order to gain an understanding of the real world market needs for an emerging so-
lar photovoltaic technology. We found that the scale of energy demand is enormous,
most likely overwhelming the projected supply of photovoltaics within the next 20
years. Material availability, scalability and high efficiency are the three essential
requirements for an emerging solar technology to exceed the capacity of existing pho-
tovoltaic technologies.
Next, we set out to develop a device structure that could, in principle, meet
the three seemingly daunting goals mentioned above. We proposed a simple planar
heterojunction device consisting of organic small molecules and colloidal QDs. The
simplicity of the device design and the ability of some QD materials to absorb infrared
light were the two primary factors motivating the planar QD device architecture. In
order to solve the problem of low absorption, a symmetric electrode structure was
chosen so that multiple cells could be easily stacked together. In order to construct the
device, a new fabrication process involving printing the quantum dots onto an organic
film was implemented. In addition, the innovative use of a transparent indium tin
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oxide (ITO) top electrode enabled the successful realization of the symmetric electrode
structure.
Our initial findings revealed low efficiencies, but were encouraging for three rea-
sons. First, the device operated as a photovoltaic even when the QD film was made
extremely thin and incomplete. Such a tolerance to voids in the active film has the
potential to be tremendously useful for scientist attempting to characterize the pho-
tosensitivity of nanometer-scale thin films or materials that exhibit nanoscale range
phenomena. In addition, without the need to worry about voids, material waste can
be minimized in devices that require additional thickness simply to avoid shunting (a
problem with cadmium telluride cells, for example). Second, the open-circuit volt-
age (VOC) was found to be much higher than expected for a device with symmetric
electrodes. Third, the device stability was exceptional, with some devices nearly
unchanged after more than a year of storage.
An improvement in uniformity and completeness of the QD film was accomplished
by using a lower surface energy polymer, parylene-C, coated on the PDMS stamp used
for QD deposition. The resulting devices produced VOCs greater than 1.3 V, the first
observation of VOC higher than the HOMO/LUMO gap in a donor/acceptor het-
erojunction device. This result led us to perform a number of measurement to help
understand the origin of the high VOC . Measurement of the voltage dependence of the
transient photocurrent decay identified charge diffusion as the dominant mechanism
responsible for photocurrent generation. Electroluminescence from the QD film con-
firmed that recombination in the QD film is in part responsible for dark current flow
in forward bias. Measurement of the quantum efficiency versus bias demonstrated
that the quantum efficiency is independent of intensity. In order to explain these
results and the magnitude of VOC , we employed a model that describes the maxi-
mum VOC as dependent on only one quantity: the energy level separation over which
recombination takes place. We concluded that recombination at the spiro-TPD/QD
heterojunction must be strongly suppressed, leaving VOC limited by recombination in
the QD layer itself. Photocurrent transient decay rates measured at an applied bias
of 2 V support this conclusion, revealing a long carrier recombination lifetime greater
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than 0.4 ms.
Finally, an attempt was made to improve absorption by fabricating a tandem
structure consisting of two identical stacked devices. A doubling in efficiency was
observed, signaling the successful implementation of the first proof-of-concept tandem
QD heterojunction device. A host of material improvements and device structure
improvements were proposed that should result in large enhancements in efficiency.
8.2 Looking forward
Our demonstration of VOC in a donor/acceptor photovoltaic device that is not limited
by the energy gap across the heterojunction is a stark illustration of the need to re-
assess the current theoretical understanding of the photovoltaic effect in donor/acceptor
systems, develop new design rules for obtaining efficient donor/acceptor photovoltaics
and arrive at better ways to predict the maximum theoretical efficiency of donor/acceptor
photovoltaics.
We’ve attempted to explain the magnitude of VOC by equating the maximum
theoretical VOC to the maximum energy separation between the electron and hole
quasi Fermi levels, an assumption borrowed from the physics of inorganic solar cells.
A number of valid questions can be raised about this interpretation. For example,
how does one draw the quasi Fermi levels across the entire device under applied bias?
How can we account for the recuperation of the energy lost during exciton dissociation
and charge transfer?
To illustrate the latter question, we have drawn the band diagram for a typi-
cal donor/acceptor device structure consisting of two semiconductors with identical
bandgaps Eg and energy levels offset by energy ∆E1 (Figure 8-1A). In this structure,
the conventional description of the origin of VOC would predict that the maximum
qVOC = Eg − ∆E1, where ∆E1 is the energy lost during charge dissociation at the
interface. Now consider the hypothetical device structure presented in Figure 8-
1B, consisting of multiple heterojunction layers with cascading energy levels offset




















Figure 8-1: Band diagram for a hypothetical device with cascading energy levels at
(A) zero bias and (B) VOC .
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charge-transporting layers at the contacts. A fundamental contradiction arises when
the conventional description is applied to this structure. Since the energy lost at each
interface is ∆E2, the total electron and hole energy lost for each layer is 4∆2. If the
energy levels are chosen such that 4∆2 = Eg (as drawn in Figure 8-1B), then this de-
vice should produce a maximum VOC = 0 according to the conventional description.
But if VOC = 0, then JSC = 0, which doesn’t make sense – the cascading energy levels
should efficiently drive electrons and holes to their appropriate electrodes, resulting
in a strong photocurrent. Furthermore, one would expect this structure to display
a particularly high VOC since reversing the direction of charge flow is hindered by
both the presence of the blocking layers at the electrodes and the cascading energy
levels. The conventional description of the link between exciton energy loss and VOC
is clearly broken since it fails to accurately predict VOC for device structures with
more than one heterojunction.
In contrast, our interpretation – that VOC is determined by the energy level sepa-
ration in the region where recombination occurs – predicts that the maximum VOC is
Eg/q when recombination occurs in the bulk or (LUMO−HOMO)/q for interfacial-
dominated recombination. However, illustrating the band diagram at VOC (shown in
Figures 8-1A & B) is problematic because it is unclear how to accurately draw the
quasi Fermi levels, which are typically flat at VOC . Further theoretical work is needed
to clarify the behavior of the quasi Fermi levels at applied bias.
Perhaps the most important question is whether the high VOC is compatible with
high exciton separation efficiency? In other words, is there a fundamental trade-off
between VOC and the short circuit current (as observed in solid state dye-sensitized
cells employing an insulating interstitial layer at the heterojunction [126])? A more
complete device modeling effort and further experimentation should shed light on
these issues. In particular, solving the transport equations using the carrier life-
times obtained in Chapter 6 will help us understand how the relationship between
charge separation and charge recombination lifetime is related to the charge sepa-
ration efficiency and the maximum VOC . Measurement techniques such as transient
open-circuit voltage decay [127] and photo-induced charge extraction by linearly in-
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creasing voltage (CELIV) [128] can be used to verify carrier lifetimes, while transient
absorption spectroscopy (TAS) [129, 113] and photoinduced absorption (PIA) [64]
can give information about the charge separation dynamics.
Another important question to consider is the following: will a well-passivated
donor/acceptor heterojunction with suppressed recombination – believed to be the
cause of high VOC in our QD device – result in enhanced VOC in bulk heterojunc-
tion geometries? Surface passivation could be studied, for example, by covering the
surface of the porous titanium dioxide TiO2 with insulating organic capping groups
in interpenetrating TiO2/polymer devices [31]. Alternatively, organic molecules with
greater steric hindrance might be engineered to restrict interfacial recombination in
small molecule devices.
Looking forward, new design rules for donor/acceptor photovoltaics should be
adopted based on the notion that high VOC can be obtained by suppressing interfacial
recombination. The first and foremost implication of this work is that new material
sets with large HOMO/LUMO offsets should be not be excluded outright. Instead,
the relative rates of dissociation versus recombination should be given greater priority.
In addition, suppression of recombination at the device contacts should also be taken
into consideration. Employing wide bandgap transport layers at the contacts could
be one way to
• reduce recombination at the electrodes
• avoid the presence of midgap states located near the charge transfer state, which
could enhance interfacial recombination
• help block shunting that may occur through the absorbing film(s).
Finally, employing only a single absorbing layer or multiple absorbing layers with
the same bandgap could have advantages when building tandem structures. Since
the VOC of a cell with multiple bandgaps is determined by the smallest bandgap,
avoiding absorption from higher bandgap materials will result is less wasted voltage
that could otherwise be harnessed using a multiple bandgap tandem structure.
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As a final thought, I hope that others in the field will benefit from our assessment
that high efficiency is a critical requirement for all emerging photovoltaic technologies,
even those that anticipate to be low cost. I believe that the techniques used to
achieve high VOC presented in this thesis can be applied to other QD device types and
other types of donor/acceptor photovoltaics in order to increase conversion efficiencies





What happens to the cost of a solar installation if some parameter - cost, efficiency,
voltage, weight or size - changes? Consider the case of 50 V modules (typical for thin
film), as opposed to 25 V modules (typical for crystalline silicon (c-Si)). Ten 50 V
modules can be connected in series to produce 500 V, the upper voltage limit allowed
under current regulations, while twenty 25 V modules must be connected in series
in order to obtain the same voltage. However, connecting twenty modules in series
can be difficult for installers because of two reasons. First, a parallel connection is
easier than a series connection since a parallel connection simply requires connecting
the end of a string to a junction box, while a series connection requires connecting
the correct input and output on each panel. Second, a string of low voltage modules
connected in series can be upwards of 10-15 m long and might not fit easily on a roof
without being broken up into sections, resulting in more complicated wiring, longer
install times and potential wiring errors. The alternative is to use shorter strings at
only 250 V, for example, but this requires using higher amperage cabling at a higher
cost.
Other parameters are similarly important. The weight of a module must be less
than 16 kg - the weight that one person can carry - or else a crane is required. On the
other hand, the size of a module should be as big as possible, reducing the number
of connections and wiring. In addition, the way modules are secured to the racking
system can influence system cost. For example, c-Si modules are often made with
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Table A.1: Desired module specifications according to a survey of installers. Typical
c-Si and thin film modules specs are give as a comparison.
Module Desired Comment c-Si Thin film
attribute specs
Efficiency 18% most important cost factor 14.1% 10.07%
Area 0.9 m2 large as possible 1.28 m2 0.72 m2
Weight 14.4 kg not greater than 16 kg 15.5 kg 11.4 kg
Power 162 W above 160 W 180 W 72.5 W
Voltage 55 V not greater than 60 V 35.6 V 67.9 V
Voltage (VOC) 69 V not greater than 75 V
a 44.4 V 90 V
Current 2.9 A low as possibleb 5.06 A 1.07 A
Fuse current 15 A high as possible 15 A 10 A
Framing frameless efficient clips frame frameless
aVOC should be even multiple of (inverter voltage x 85%)
bISC should be even multiple of (fuse current x 85%)
an aluminum frame which keeps the front glass and the module backing secured.
The modules are then attached to the racking with bolts and the entire apparatus
must be grounded with extra cabling. However, modules consisting of two laminated
pieces of glass can be connected with clips to the racking system, resulting in a
quicker installation procedure and fewer grounding connections. We’ve summarized
the desirable physical attributes in Table A.1, along with typical thin film and c-Si
module parameters.
We are grateful to the installers and those familiar with installations, listed in
Table A.2, who provided the above information.
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Table A.2: Sources for desired module specifications provided in Table A.1.
Frank Wang Stion Corporation
Albert Brown Stion Corporation
Anthony Fotopolous Conergy
David Levy -
Jordan Sapp 3rd Rock Systems & Technologies, Inc.
Kevin Crystie Helios Energy, LLC
Michael Rogol Photon Consulting
MJ Shiao Solar Design Associates, Inc.
Paul Lyons, P.E. Zapotec Energy, Inc.




Procedure for pattering ITO-glass
substrates
This document describes the procedure developed by John Kymissis for photolitho-
graphically patterning ITO-coated glass substrates, beginning with large 13” x 13”




” patterned ITO glass
slides that can then be cut into one inch or half inch substrates with the dicing saw.
The 42
3
” glass fits perfectly into our 170 x 90 mm pyrex crystallization dishes, which
is useful when etching the ITO and stripping off the resist film. The 13” x 13” ITO-
glass sheets and pyrex beakers are generally kept in the cabinet in the instrument
room.
B.1 Supplies
• 13” x 13” ITO-glass sheet
• Diamond scribe
• 2 containers suitable for developing resist
• Acid-resistant wafer tweezers
• Sodium carbonate









1. Cut 13” x 13” sheets to size





(b) Scribe and break by hand
2. Pre-clean ITO-glass
(a) Wipe with texwipe wetted with 2% micro90 in H2O
(b) Rinse with H2O and then with isopropanol
(c) Blow dry
(d) UV-ozone for 5 minutes
3. Lamination
(a) Mark ITO side
(b) Turn on laminator and set temperature to 110C at speed = 1
(c) Wait until roller is heated (display with say “ready”) and press “run” to
laminate
(d) Cut sample out of film, leave 1 cm margin around edge
4. Exposure and development
(a) Mix up developer: 1% sodium carbonate in H2O (10 g in 1l)
(b) Fill second tank with H2O
(c) Place sample in drawer, safe from UV exposure
(d) Set exposure to 14 units on the photolith machine
(e) Press start and leave room until UV lamp is extinguished
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(f) Place sample under glass plate and apply vacuum
(g) Expose samples
(h) Cut top film around edge of sample
(i) Remove top and bottom films, leaving middle resist layer
(j) Develop in sodium carbonate bath until reflection of room lights can be
seen in developed areas
(k) Rinse in H2O when developed
(l) Dispose of developer in the drain and rinse containers
5. Etching
(a) Using butyl gloves and face sheild, fill pyrex dish with stock ITO bath
(b) Apply medium heat (setting = 3)
(c) Etch sample for 15 minutes
(d) Remove with acid resistant tweezers and rinse with water in fume hood
sink
(e) Blow dry and test conductivity of etched ITO regions
(f) Carefully pour ITO etch into a large beaker using a funnel and then pour
etch back into its original jar using funnel
(g) Thoroughly rinse pyrex dish, let dry and return dish to instrument room
6. Stripping
(a) Fill the other pyrex dish with isopropanol
(b) Strip remaining photoresist





Procedure for cutting patterned
ITO-glass using the dicing saw





” piece of patterned ITO glass. Most supplies are located in the second from the
top cabinet drawer closest to the dicing saw. The wafer-mounting film is located in
the larger cabinet drawer and should be kept wrapped in black plastic to minimize
UV exposure. To release substrates from the mounting film after cutting, place under
UV lamp for 20 minutes. Consult the dicing saw manual located next to the saw for




• Scrap piece of ITO-glass
• Dicing saw blades suitable for cutting glass
• Adjustable wrench
• Allen wrench 5/16”
• Tweezers
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1. Laminate glass sample to wafer-mounting film
(a) Cut out segment of mounting film
(b) Tear end to separate plastic backing film from adhesive layer
(c) Place adhesive layer face up on counter
(d) Hold glass, ITO side up, at a 45◦ angle above the film
(e) Press the glass onto the film and slowly slide both over the edge of the
counter, applying pressure at the counter edge where the glass and film
intersect
(f) Avoid air bubbles between the glass and film
(g) Trim film with razor as close as possible to the edge of the glass
2. Inspect saw
(a) Consult log book to see if a Si or glass blade is installed.
(b) Always remove plastic safety window and inspect blade, regardless of
whether you need to change the blade or not. Check to ensure that the
blade is not broken and that the holding nut is secure.
3. Change blade
(a) Unscrew the holding nut with an adjustable wrench by turning the shaft
with a hex wrench.
(b) Remove washer
(c) Use blade removal wand to extract blade holder piece
i. Turn on vacuum pump
ii. Turn on vacuum to blade removal wand by flipping switch under front
left side of dicing saw
iii. Place wand flush against saw holder piece and pull out saw holder
piece
iv. Turn off vacuum to wand
v. Turn off vacuum pump
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(d) Open blade holder piece with 3 pin tool
(e) Remove blade with tweezers, replace, reassemble holder piece, remount
onto shaft, remount washer, tighten nut and fasten window
4. Programing dicing saw
(a) Press and turn “Stop” button to turn on dicing saw
(b) Press “Program,” chose a parameter, enter value given in the table below
and press “Enter.” Units are in Mils
Parameter Description Value
Mode substrate shape and cutting sequence 30
1st Index length between cuts in y-direction 495
2nd Index length between cuts in x-direction 495
Height thickness of mounting film 3
Thickness thickness of substrate and mounting film 43.5
Angle angle between cutting directions 90
Speed Mils/sec 150
* substrate dimension in y-direction 4666
Dia substrate dimension in x-direction 4666
(c) Press “Reset”
5. Start saw
(a) Turn on vacuum pump
(b) Turn on nitrogen until resistance on multimeter drops
(c) Press “Spindle” to start saw
6. Zero chuck
(a) Put metal gauge disk on chuck
(b) Press “Lock” to turn on vacuum to chuck
(c) Press “Chuck Zero”
(d) Press “Unlock” to release vacuum
(e) Remove gauge disk
7. Make a test cut for reference
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(a) Laminate mounting film to a test piece of ITO glass
(b) Place test sample on chuck and press “Lock”
(c) Press “Align” and “Single Cut” to make one test cut down middle of
sample
(d) Turn on monitor
(e) Move horizontal reference line on screen to center of previous cut by press-
ing “up” or “down” on side of camera housing.
(f) Press “Fast” and “Left” to move chuck away from blade
(g) Press “Unlock” and remove test sample
8. Align and cut substrates
(a) Mount new sample
(b) Press “Align”
(c) Align patterned markers on substrate with reference line on monitor
(d) Press “Autocut” to automatically cut all streets and then rotate chuck by
90o
(e) Repeat alignment and press “Autocut”
9. Remove sample and shut down system
(a) Press “Standby” to stop saw
(b) Press “Unlock” and remove sample
(c) Turn off vacuum pump
(d) Turn off nitrogen
(e) Turn off monitor
(f) Press “Stop” to turn off system
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Appendix D
Contributions associated with this
thesis
D.1 Publications
1. D.C. Oertel, M.G. Bawendi, A.C. Arango, and V.Bulovic. Photodetectors based
on treated CdSe quantum-dot films. Applied Physics Letters, 87(21), Nov. 2005.
2. J.C. Ho, A.C. Arango, and V.Bulovic. Lateral organic bilayer heterojunction
photoconductors. Applied Physics Letters, 93(6), Aug. 2008.
3. T.P. Osedach, S.M. Geyer, J.C. Ho, A.C. Arango, M.G. Bawendi, and V.Bulovic.
Lateral heterojunction photodetector consisting of molecular organic and col-
loidal quantum dot thin films. Applied Physics Letters, 94(4), Jan. 2009.
4. A.C. Arango, D.C. Oertel, Y.Xu, M.G. Bawendi, and V.Bulovic. Heterojunction
photovoltaics using printed colloidal quantum dots as a photosensitive layer.
Nano Letters, 9(2):860863, Feb. 2009.
D.2 Patents
1. Phototransistor for Chemical Sensing, M.I.T. Case No. 10470, September 2003
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2. Light Emitting Devices Including Semiconductor Nanocrystals, MIT Assign-
ment 11452, February 2005
3. Electro-Optical Device, M.I.T. Case No. 12769, June 2007
4. Photovoltaic Device Including Semiconductor Nanocrystals, M.I.T. Case No.
12770, June 2007
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